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REMARKS 

Applicants respectfully request reconsideration of the present application in view of 
the foregoing amendments and in view of the reasons that follow. 

Claims 2 and 6-8 are requested to be cancelled as they are now incorporated into 
claim 1 . Claims 1,3-5 and 9 are currently being amended to incorporate the limitations of the 
canceled claims and correct claim dependencies. Support for this amendment can be found, 
inter alia, in the Examples and Figures 3 and 4 of the specification. 

This amendment adds, changes and/or deletes claims in this application. A detailed 
listing of all claims that are, or were, in the application, irrespective of whether the claim(s) 
remain under examination in the application, is presented, with an appropriate defined status 
identifier. 

After amending the claims as set forth above, claims 1,3-5 and 9 are now pending in 
this application. 

Interview with Examiner Leavitt 

Applicants thank Examiner Leavitt for her helpful discussion with Applicants' 
representative, Victoria Statham (formerly Rutherford) on May 27, 2008, clarifying several 
issues regarding the Office Action as discussed below. 

Information Disclosure Statement 

The Examiner has indicated that the following references have not been considered 
for failure to provide a legible copy. While Applicants assert that such copies were submitted 
with the Information Disclosure Statement filed April 7, 2005, copies of these documents are 
resubmitted for the Examiner's convenience and consideration. 
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Al Japanese Pat. App. No. 2000-139470 

A2 Japanese Pat App. No. 2001-161384 

A4 Tanaka et al., Biochemical and Biophysical Research 
Communications (2001) 286:547-553. 

A5 Tanaka et aL, Cancer Gene Therapy (2002) 9:483-488. 
Objections to the Drawings 

The Examiner has objected to the Figures 3 A-D and 4A-D for being too dark. Upon 
further discussion in the teleconference with Applicants' representative, it was discovered 
that the color photographs that were filed on April 7, 2005 with the appropriate Petition and 
fee, were not properly entered into the Patent Office records nor routed to the Examiner. As 
such, these color photographs filed herewith are a resubmission of the originally filed figures, 
not amendments. Entry and consideration are respectfully requested. 

Claim Rejections 

Rejections under 35 U.S.C § 101 - Utility 

Claims 1-9 were rejected under 35 U.S. C. § 101 for allegedly lacking a specific and 
substantial utility or a well-established utility. Applicants respectfully traverse this rejection. 

The claims are directed to a chimeric mouse containing a disrupted endogenous 
Bradeion gene, with a chimeric rate from 90% to 98%, and exhibits malformation which is at 
least one selected firom the group consisting of cranial dysplasia, visual disorders, and 
generalized decreased growth compared with those of the same strain without the disrupted 
Bradeion gene. Thus, the claimed mouse has a specific genotype (disrupted Bradeion gene), 
phenotype (cranial dysplasia, visual disorders, and generalized decreased growth) and a high 
degree of chimerism. 
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The Examiner asserts that the disruption of the Bradeion gene is not associated with 
the claimed pheontype. Specifically, the Examiner states 

[t]he specification does not teach any examples of chimeric 
heterozygous and/or homozygous mice associating the 
disruption of the Bradeion gene with any cranial dysplasia, 
visual disorders, and generalized decreased growth. 

Office Action, page 7 (emphasis in the original). The Examiner goes on to note that the 
instant chimeric mouse is shown to have this phenotype in Figures 3 and 4, but goes on to 
state that "the claimed pheotypes may be associated with disruption of other genes in addition 
to Bradeion." Office Action, page 8. Furthermore, the Examiner states that because Bradeion 
gene expression is implicated in some cancers, that the claimed phenotype is unexpected and 
that one of skill would not find utility in the absence of teaching the role of Bradeion gene in 
the claimed phenotype. Applicants respectfiiUy disagree. 

To fiilfiU the utility requirements of 35 U.S.C. § 101, the claimed invention must have 
a specific and substantial utility. See MPEP 2707.01 . Furthermore, the asserted utility must 
be credible. As discussed in MPEP § 2107.03, "evidence of pharmacological or oflier 
biological activity of a compound will be relevant to an asserted therapeutic use if there is a 
reasonable correlation between the activity in question and the asserted utility. ^'Cross v. 
lizuka, 753 F.2d 1040, 224 USPQ 739 (Fed. Cir. 1985); In re Jolles, 628 F.2d 1322, 206 
USPQ 885 (CCPA 1980); Nelson v. Bowler, 626 F.2d 853, 206 USPQ 881 (CCPA 1980). 
Applicants assert that this requirement has been met. 

The present specification discloses, among others, the usefulness of using the claimed 
mice in the study of abnormalities in the central nervous system. Page 19, lines 25-29; see 
also page 4, lines 4-9. Further, the specification discloses that Bradeion is associated with the 
long-term survival of himian cerebral neurons after differentiation (page 4, line 23 through 
page 5, line 9) and that expression of the human Bradeion gene is found in human adult 
cerebral nerve system cells, fiirther stating that Bradeion is a potential target for diagnosis and 
gene therapy for cell mutations (page 2, lines 4-10). Indeed, as briefly noted by the Examiner 
on page 9 of the Office Action, Tanaka et al. (Biochem, Biophys, Res, Comm. (2001) 
286:547-553; Reference A4 of the Information Disclosure Statement filed April 7, 2005) 
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underscores the importance of Bradeion gene expression in the human central nervous system 
by showing data indicating its expression in the brain. A person of skill in the art would even 
expect the correlation of Bradeion gene expression in cancer given its known function as a 
cell division factor, a process known to be disrupted in cancer. Therefore, while the exact 
molecular mechanism for the function of Bradeion is not yet known, there is a strong 
correlation between Bradeion and the central nervous system, as evidenced by gene 
expression studies in the art as well as the phenotype exhibited by the claimed mice. 

In further support for the usefulness of the claimed chimeric mice in the study of 
cerebral abnormalities, Exhibit A (Ihara et al J. Biol Chem. (2003) 278:24095-24102) shows 
the association of a protein of the septin family, of which Bradeion is also a member, with 
Parkinson's disease. Likewise, Exhibit B (Kinoshita et al Am, J. Pathol (1998) 153:1551- 
1559) shows the association of septin proteins in Alzheimer's disease. Without being limited 
to these findings, it is reasonable, based on the similarity of the Bradeion gene (a septin) with 
the septins associated with the human neurological disorders as well as the observed 
phenotype of the mice, to believe that these mice may be useful for the study of these human 
disorders. 

The Examiner should not be confused by the fact that the chimeric mouse may itself 
be used in further research, £is MPEP § 2107.01 confirms that many such "research tools" 
have a "clear, specific and unquestionable utility", albeit in the research setting. Here, there is 
no further research needed to identify the utility of the claimed chimeric mouse, as there is a 
reasonable correlation between the disruption of the Bradeion gene in these mice and the 
displayed phenotype as being useful for studying central nervous system abnormalities. 

With regards to the Examiner's assertion that the phenotype may be due to the 
disruption of genes other than Bradeion, Applicants respectfully assert that this allegation is 
unreasonable. First, as discussed, the specification provides a clear link between Bradeion 
gene and the brain, such that the phenotype observed is quite reasonably associated with the 
disruption of the gene. Second, the art has long recognized the specificity of gene knockouts. 
As shown in the attached Exhibit C (Thomas and Capecchi, Nature (1990) 346:847-850), 
gene targeting vectors are designed based on sequence homology to target a particular gene 
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and remove it. The nonspecific vector elements, such as the reporter gene, have been 
repeatedly used in different targeting vectors used in standard techniques used by those 
skilled in the art with minimal or no impact. Indeed, the Nobel Prize was recently awarded to 
one of the authors of Exhibit C, Mario Capecchi, for his work in developing this knockout 
technology, illustrating the widespread recognition and acceptance of mouse knockout 
technology. 

Beised on the reasonable correlation between the disruption of the Bradeion gene, the 
phenotype of the chimeric mice and the known association with the Bradeion gene in 
particular as well as septin proteins in general with disorders of the central nervous system. 
Applicants assert that the claimed chimeric mouse has a specific, substantial and credible 
utility. Therefore, Applicants respectfully request that the rejection be withdrawn. 

Rejections under 35 U,S,C, § 112, First paragraph - Enablement 

Claims 1-9 were rejected under 35 U.S.C. § 1 12, first paragraph for allegedly lacking 
enablement by the specification. Applicants respectuUy traverse this rejection. 

Specifically, the Examiner questions the scope of the claims, stating that they are 
generically drawn to a transgenic mouse in which the Bradeion is suppressed. The Examiner 
asserts that the claims encompass a mouse with any level of Bradeion suppression and any 
phenotype, a concem reiterated in the Interview of May 27, 2008. 

The test of enablement is whether one reasonably skilled in the art could make or use 
the invention fi*om the disclosures in the patent coupled with information known in the art 
without undue experimentation. United States v. Telectronics, Inc„ 857 F.2d 778, 785, 8 
USPQ2d 1217, 1223 (Fed. Cir. 1988) See also MPEP § 2164.01, First, the scope of the 
claims must be examined. Without acquiescing to the rejection, the claims have been 
amended to recite that the Bradeion be disrupted, rather than suppressed as recited previously. 
Further the mouse must have a chimeric rate of between 90-98%, as supported by the 
Examples in the specification, and that the phenotype of the mice include cranial dysplasia, 
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visual disorders and hypoplasia as compared to the normal mouse, all of which have actually 
been observed in the chimeric mice, as discussed in the Examples and shown in Figures 3 and 
4. Indeed, these characteristics have been observed in multiple chimeric mice generated from 
at least two different embryonic cell lines, indicating that the scope of the present claims are 
well supported by the teachings of the specification. 

As the methods disclosed in the specification can reliably be used to generate chimeric 
mice within the scope of the present claims. Applicants respectfully assert that one of skill in 
the art have ample guidance on how to make and use the present invention. Therefore, 
Applicants respectfully request that the rejection be withdrawn. 



CONCLUSION 

Applicants believe that the present application is now in condition for allowance. 
Favorable reconsideration of the application as amended is respectfully requested. 

The Examiner is invited to contact the undersigned by telephone if it is felt that a 
telephone interview would advance the prosecution of the present application. 

The Commissioner is hereby authorized to charge any additional fees which may be 
required regarding this application under 37 C.F.R. §§ 1.16-1.17, or credit any overpayment, 
to Deposit Account No. 19-0741 . Should no proper payment be enclosed herewith, as by a 
check being in the wrong amount, unsigned, post-dated, otherwise improper or informal or 
even entirely missing or a credit card payment form being unsigned, providing incorrect 
information resulting in a rejected credit card transaction, or even entirely missing, the 
Commissioner is authorized to charge the unpaid amount to Deposit Account No. 19-0741. 
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If any extensions of time are needed for timely acceptance of papers submitted 
herewith. Applicants hereby petition for such extension under 37 C.F.R. §1.136 and 
authorizes payment of any such extensions fees to Deposit Account No. 19-0741. 

Respectfully submitted, 

Date C5vAyv\iZ-.Ci9 ^^OPS^ 

FOLEY & LARDNER LLP 
Customer Number: 22428 
Telephone: (202) 672-5404 
Facsimile: (202) 672-5399 



Stephen A. Bent O ^ M ^ 
Attomey for Applicants 
Registration No. 29,768 
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a-Synuclein-positive cytoplasmic inclusions are a 
pathological hallmark of several neurodegenerative dis- 
orders including Parkinson's disease, dementia with 
Lewy bodies, and multiple system atrophy. Here we re- 
port that Sept4, a member of the septin protein family, is 
consistently found in these inclusions, whereas five 
other septins (Sept2, Sept5, Sept6, Sept7, and SeptS) are 
not found in these inclusions. Sept4 and a-synuclein can 
also be co-immunoprecipitated from normal human 
brain lysates. When co-expressed in cultured cells, 
FLAG-tagged Sept4 and Myc -tagged a-synuclein formed 
detergent-insoluble complex, and upon treatment with a 
proteasome inhibitor, they formed Lewy body-like cyto- 
plasmic inclusions. The tagged Sept4 and a-synuclein 
synergistically accelerated cell death induced by the 
proteasome inhibitor, and this effect was further en- 
hanced by expression of another Lewy body-associated 
protein, synphilin-1, tagged with the V5 epitope. More- 
over, co-expression of the three proteins (tagged Sept4, 
a-synuclein, and synphilin-1) was sufHcient to induce 
cell death. These data raise the possibility that Sept4 is 
involved in the formation of cytoplasmic inclusions as 
well as induction of cell death in a-synuclein-associated 
neurodegenerative disorders. 



Parkinson's disease (PD),^ dementia with Lewy bodies 
(DLB), and multiple system atrophy (MSA) are neurodegenera- 
tive disorders characterized by the formation of similar pathog- 
nomonic inclusions in the cytoplasm: namely, Lewy bodies 
(LBs) in PD and DLB (1-3), and glial cytoplasmic inclusions 
(GCIs) in MSA (4, 5). These inclusions contaia a-synuclein as 
the megor component of the filamentous aggregates. Hence 
these diseases are classified as synucleinopathies (6). 

The importance of a-synuclein in neurodegeneration has 
been established by the findings that missense mutations in 



* This work was supported by grants from the Ministry of Education, 
Culture, Sports, Science and Technology, Japan (to H. T. and M. N.). 
The costs of publication of this article were defi^yed in part by the 
payment of page charges. This article must therefore be hereby marked 
"advertisement" in accordance with 18 U.S.C. Section 1734 solely to 
indicate this fact. 

H To whom correspondence should be addressed. Tel.: 81-75-7513766; 
Fax: 81-75-7513265; E-mail: ihara@kuhp.kyoto-u,ac.jp. 

^ The abbreviations used are: PD, Parkinson's disease; DLB, demen- 
tia with Lewy bodies; MSA, multiple system atrophy; LB, Lewy body; 
GCI, glial cytoplasmic inclusion; AR-JP, autosomal-recessive juvenile 
parkinsonism; ARTS, apoptosis-related protein in the transforming 
growth factor-^ signaling pathway; PBS, phosphate-buffered saline; 
CMV, cytomegalovirus; HA, hemagglutinin; Myc-a-syn, Myc-tagged 
a-synuclein. 



the a-synuclein gene cause familial PD (7, 8) and that trans- 
genic animgds overexpressing a-synuclein or its mutants (A30P 
or A53T) show some phenotypes resembling PD (9-12). LBs 
also contain ubiquitin (13) and ubiquitin carboxyl-terminal 
hydrolase-Ll (14), which may be involved in the pathogenesis 
of PD. Genetic studies on autosomal-recessive juvenile parkin- 
sonism (AR-JP) led to the identification of the responsible gene, 
parkin, which encodes ubiquitin-protein isopeptide ligase (E3) 
(15). Loss-of-fanction mutations in parkin result in the accu- 
mulation of its substrates such as synphilin-1 (16), O-glycosy- 
lated a-synuclein (17), and Pael receptor (18) and cause neuro- 
nal damage without formation of visible inclusions. Synphilin-l 
was first identified as an a-synuclein-binding protein (19) and 
was found to accumulate in LBs (20). Thus, impairment in the 
ubiquitin-proteasome system and accumulation of a-synudein 
and other proteins in the neuronal cytoplasm may represent 
common molecular mechanisms underlying PD and AR-JP. 

Septins are a family of filament-forming guanine nucleotide- 
binding proteins involved in. cytokinesis, exocytosis, and other 
cellular processes (21-24). At least 10 septin genes, Septl- 
SeptlO, have been identified in mouse as well as human ge- 
nomes (25). Although septin family members can form co-poly- 
mers, their differential expression patterns in mammalian 
brains indicate some functional diversity among septins (26), 
Three septins (Septl, Sept2, and Sept4) are accumulated in 
tau-based filamentous deposits known as neurofibrillary tan- 
gles and glial fibrils in Alzheimer's disease (27). A splice vari- 
ant of the Sept4 gene encodes a mitochondrial protein called 
ARTS (apoptosis-related protein in the transforming growth 
factor-i3 signaling pathway), which mediates a pro-apoptotic 
signal (28). These data support the hypothesis that accumula- 
tion of a class of septins may accelerate neurodegeneration. In 
addition, SeptS was found to be a substrate of Parkin (29). 
Sept5 is associated with y-aminobutyric acidergic synaptic ves- 
icles (26), and excessive expression of SeptS was found to in- 
terfere with regulated exocytosis (22). Thus, accumulation of 
Sept5 may affect dopamine release in the nigrostriatal system 
in AR-JP (29, 30). 

In this study, we have conducted an immunohistochemical 
examination of brain tissues from patients afflicted by Parkin- 
son's disease or two other synucleinopathies. We found that 
Sept4 was co-localized with a-synuclein in LBs/GCIs in all 
cases. We also analyzed the physical and fimctional interaction 
among Sept4, a-synudein, and synphilin-1 in cultured cells. 
Our data suggest that these proteins are involved in the for- 
mation of cytoplasmic inclusions as well as induction of cell 
death. 



This paper is available on line at http://www.jbc.org 
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EXPERIMENTAL PROCEDURES 

Tissues — Postmortem brain samples were obtained from five pa- 
tients with PD (age: range, 66-79 years; mean, 74.6 years), two with 
DLB (69 and 69.0 years), five with MSA (71-78 and 75.0 years), and 
four with non -neurological diseases (68-81 and 74,5 years) from the 
Department of Neurology, Kyoto University Hospital. The brain speci- 
mens were used for neuropathological investigation after informed con- 
sent was obtained from the patients' relatives. The diagnoses of PD, 
DLB (pure form), and MSA were established on the basis of clinical and 
neuropathological data according to widely accepted criteria (31-33). 
After fixation with 4% paraformaldehyde, tissues were dissected. The 
midbrain and cerebellum were embedded in paraffin and sliced (6 /im in 
thickness). The frontal lobe, pons, caudatoputamen, and thalamus were 
freeze-sectioned (20 /mi). Mouse brains were obtained from adult male 
C57B1/6 mice (25-30 g) after deep anesthesia with sodium pentobarbi- 
tal (50 mg/kg, intraperitoneal) and transcardial perfusion with phos- 
phate-buffered saline (PBS), using procedures approved by the Animal 
Use and Care Committee of Kyoto University. 

Anti-septin Antibodies, Immunoblot Assay, and Immunohistochemis- 
try — The following polyclonal antibodies were generated as described 
elsewhere (host animal and antigen are given in parentheses) (21, 26, 
27): H5C-2 (rabbit; oligopeptide corresponding to residues 466-478 of 
mouse Sept4), CRC-3 (guinea pig; residues 358-369 of human Sept5), 
ClOC-3 (guinea pig; residues 400-418 of human Sept7), N5N-1 (rabbit; 
residues 1-18 of mouse/human Sept2), S6C-3 (guinea pig; residues 
413-427 of mouse/human Sept6), and S7C-1 (rabbit; residues 415-429 
of human Sept8). The authenticity and specificity of these antibodies 
were confirmed by antigen adsorption experiments and in some cases 
by immunoblot assay using cells overexpressing the corresponding 
gene. Hiunan and mouse brain homogenates (50 /ig) were analyzed by 
standard imm\moblot assays (26, 27) using peroxidase-conjugated sec- 
ondary antibodies and an ECL chemiluminescence kit (Amersham Bio- 
sciences). Anti-septin antibodies (see above) or goat anti-a-synuclein 
antibodies (Santa Cruz Biotechnology) were used as the primary anti- 
bodies. Brain sections were stained by immunoperoxidase techniques 
using Vectastain ABC kits (Vector) with diaminobenzidine tetrahydro- 
chloride as a chromogen or by immunofluorescent staining procedures 
with fluorescein isothiocyanate- and rhodaraine-conjugated secondary 
antibodies (Molecular Probes). 

Plasmids — The coding region of human o-synuclein cDNA was 
cloned in-frame between the EcoRl and Xhol sites of the pCMV-Myc 
vector (Clontech) to express a-synuclein tagged with the Myc epitope at 
its amino terminus (Myc-a-syn). The coding region of mouse Sept4 
cDNA was cloned between the EagI and Sail sites of the pFLAG-CMV-2 
vector (Sigma) to express Sept4 tagged with FLAG epitope at its amino 
terminus (FLAG-Sept4). The coding region of Sept2 was cloned between 
the HindJH and Xbal sites of the same vector to express FLAC3r-Sept2. 
The coding region of human synphilin-1 was cloned into 
pcDNA3.1A^5-His-TOPO expression vector (Invitrogen) to express syn- 
philin-1 tagged with V5 epitope at its carboxyl terminus (V5-synphi- 
lin-1 (34)) (a generous gift from Dr. P. J. McLean). The missense 
mutations, A30P in a-synuclein and G154V in Sept4, were introduced 
into the respective wild type cDNAs using the QuikChange site-directed 
mutagenesis kit (Stratagene). The integrity of each insert cDNA was 
confirmed by DNA sequencing. 

Cell LineSf Transfection, and Fractionation of Cellular Components — 
Two mouse cell lines, NIH3T3 and N18, were transiently transfected 
with expression vectors using LipofectAMINE-2000 (Invitrogen). Afler 
24 or 48 h, the cells were rinsed with cold PBS and then lysed using 
Nonidet P-40 lysis buffer (50 mM Tris-HCl, pH 7.6, 1% Nonidet P-40, 
150 mM NaCl, 5 mM EDTA), Fractionation of the subcellular compo- 
nents and subsequent immunoprecipitation were carried out as de- 
scribed previously (18) with minor modifications. In brief, the cell 
lysates were fractionated by centrifugation at 15,000 X g at 4 **C for 30 
min, and each fraction was adjusted to the same volume with SDS 
sample buffer, sonicated (see below), and heat denatured. Equal vol- 
umes of these samples were subjected to immunoblot assay, and the 
amoimts of immunoreactive proteins were estimated by densitometry 
using NIH Image software (version 1,62). 

Co-immunoprecipitation — N18 cells (—2 x 10^) transfected with 2 pig 
of each plasmid were incubated for 24 h and fractionated as described 
above. The supernatant fraction was directly immunoprecipitated using 
anti-FLAG antibodies (Sigma) and protein G-Sepharose beads (Amer- 
sham Biosciences). Proteins in the Nonidet P-40-insoluble fraction were 
solubilized in 1% SDS with the aid of sonication for 20 s and diluted 
with 10 volumes of Nonidet P-40 lysis buffer. Afler centrifugation at 
15,000 X g at 4 "C for 30 min, supematants from the Nonidet P-40- 
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Fig. 1. Immunoblot detection of six septins in mammalian 
brains. Lysates of normal human frontal lobe (H) and whole moiise 
brain (Af) were analyzed by immunoblot assay with anti-peptide anti- 
bodies against the indicated septins. Each lane contained 50 Mg of total 
protein. Note that H5C-2 does not detect the 32-kDa pro-apoptotic 
Sept4 variant (ARTS). 

insoluble fractions were immunoprecipitated. The beads bearing im- 
mune complexes were washed three times with 25 voliunes of lysis 
buffer followed by four washings with PBS. The proteins on the beads 
were solubilized and analyzed by immunoblot assay. For co-immuno- 
precipitation of endogenous proteins, a human brain sample was ho- 
mogenized in 4 volumes of PBS containing 320 mM sucrose, 0.1% Triton 
X-100, and 1 mM phenylmethylsulfonyl fluoride. After centrifugation at 
37,000 X ^ at 4 ^C for 20 min, the supernatant fraction was subjected to 
immunoprecipitation with anti-hemagglutinin (HA), anti-a-synuclein 
(Afliniti Research Products, Exeter, United Kingdom), or anti-Sept4 
antibodies. Following five washings with PBS, the precipitates were 
subjected to immunoblot assay using anti-a-synuclein antibodies. 

Immunofluorescent Staining of Cultured Cells and Scoring of Dead 
Cells — NIH3T3 or N18 cells transfected with three plasmids (each 
expressing Myc-a-syn, FLAG^Sept4, or V5-synphilin-l) in various com- 
binations were incubated in the absence or presence of 10-20 /xM 
lactacystin for 24 h and immunostained as described previously (21). 
Mouse monoclonal antibodies against Myc (Sigma), V5 (Invitrogen), or 
FLAG or rabbit polyclonal antibodies against a-synuclein, FLAG (Sig- 
ma), or ubiquitin (Sigma) were used as primary antibodies. Fluorescein 
isothiocyanate- or rhodamine-conjugated anti-mouse IgG or anti-rabbit 
IgG was used as secondary antibodies. Dead cells were scored after brief 
staining with 0.2% trypan blue (Invitrogen) or with 1.0 ^tg/ml annexin 
V-enhanced green fluorescent protein (Clontech) plus 2.5 ^tg/ml pro- 
pi dium iodide (Clontech). 

Uhiquitination Assay— cells (~5 X 10^) transfected with 1 
jLtg of FLAG-Sept4 expression vector were incubated in growth medium 
for 24 h and then in medium with or without 20 /jlM lactacystin for an 
additional 16 h. Fractionated cell lysates were analyzed directly, or 
after immunoprecipitation with anti-FLAG antibodies, by immunoblot 
assay using antibodies against ubiquitin or FLAG. 

Statistics — Quantitative data were collected in at least three inde- 
pendent experiments. Significance of difference between data groups 
was assessed by Student's t test using StatView II software (version 5.0 
for Macintosh, SAS Institute), p values smaller than 0.05 were consid- 
ered significant. 

RESULTS 

Expression of Six Septins in Human and Mouse Brains — We 
first examined the expression of six septins in the normal 
human frontal lobe and mouse whole brain by immunoblot 
assay using specific antibodies (Fig. 1). All six septins were 
detected in the human and mouse brains. The anti-Sept4 an- 
tibody (H5C-2) detected three major bands of 53, 51, and 49 
kDa in the human brain; this antibody does not recognize the 
32-kDa pro-apoptotic Sept4 variant, ARTS (28), because ARTS 
lacks the carboxyl-terminal region of Sept4 where the epitope 
for H5C-2 resides. 

Sept4 Is Commonly Associated with a-Synuclein-based Cyto- 
plasmic Inclusions — Having established the expression of six 
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Fig. 2. Immunostaining for Sept4 and <v-synuclein of brain 
sections from patients with Parkinson's disease iA-D) and de- 
mentia with Lewy bodies iE-J),A and B, pigmented nerve cells with 
Sept4-positive (red) LBs (arrows). C and adjacent sections showing a 
pigmented nerve cell with LBs (arrows) immiinostained for a-synuclein 
(C) and Sept4 (D). Note that the a-S3muclein-positive pale body is 
weakly Sept-4-positive (arrowheads). E and F, numerous non-pyrami- 
dal neurons with Sept4-positive (red) LBs in the cingulate cortex. G, a 
pigmented nerve cell with a Sept4-positive LB in the substantia nigra. 
H'-J, cortical LBs double stained for Sept4 (if, red) and a-synuclein (7, 
green) and the merged image (<7). Scale bar = 100 /jtm (A and E)y 40 fxm 
(C, D, and H-J), and 20 ^m (B, F, and G). 

septins in the normal mouse brain £uid human frontal lobe, we 
next studied the expression of these septins in the postmortem 
brain samples from patients with neurodegenerative disorders. 
Notably, in all of the PD cases we tested (n — 5), nigral LBs 
were found to be stained positive with the anti-Sept4 antibody 
(H5C-2) (Fig. 2, A and B). Preadsorption of H5C-2 with its 
cognate antigen abolished this staining (data not shown). Dou- 
ble staining of serial sections indicated that 70-80% of 
a-synuclein-positive LBs were Sept4-positive (data not shown). 
Distribution of these two proteins, however, looked different; 
Sept4-staining was low in the corona of LB where a-synuclein 
staining was most intense (Fig. 2, C and D). Sept4 was also 
found in another type of a-synuclein-positive structures termed 
pale bodies (Fig. 2, C and D, arrowheads) (3). Such aberrant 
structures containing Sept4 were not foiind in nigral neurons 
in normal control brains in — 4; data not shown). All six septins 
examined are expressed In normal substantia nigra (26), and 
yet none of them except Sept4 was found to be accumulated in 
LBs, suggesting selective incorporation of Sept4 into LBs (data 
not shown). 

Sept4 was also detected in the cortical and nigral LBs in 
brains with DLB (n = 2, Fig. 2, E-G). The Sept4-positive 
cortical LBs frequently found in the small-to-medium-size, non- 
pyi'amidal neurons in deeper cortical layers lacked distinct core 
(Fig. 2, E and F), whereas the nigral LBs (Fig. 2G) were similar 
in morphology to those in PD (see above). Immunofluorescent 
double staining revealed that most of the a-synuclein-positive 
inclusions found in DLB brains were Sept4-positive. In cortical 
LBs, distribution of Sept4 and a-synuclein appeared to be 
tightly overlapped (Fig. 2, H-J), Again, none of the septins 
examined except Sept4 was found to accumulate in the nigral 
and cortical LBs in DLB brains. 

Our previous studies indicate that Sept4 is expressed in both 
neurons and glial cells (26). Consistent with this observation, 
we found Sept4-positive GCIs in several regions including the 
cerebellum, pons, caudatoputamen, and thalamus in brains 
with MSA in - 5, Fig. 3). These findings demonstrate common 



Fig. 3. Sept4 is a component of a-synuclein-based cytoplasmic 
inclusions in multiple system atrophy. Sept4-positive G€Is in 
the thalamus (A and B), cerebellum (O, pontine base (D), and putamen 
(E). F-H, GCIb double stained for Sept4 OP, red) and a-synuclein (G, 
green) and the merged image (H). Scale bar: 40 /im (A and F-H) and 20 
^m (B-E), 

and selective association of Sept4 with the inclusions in 
s5niucleinopathies. 

Physical Interaction between Sept4 and OL-Synuclein in the 
Brain and in Cultured Cells — To test the possible interaction 
between Sept4 and a-synuclein in vivo, human brain homoge- 
nate was immunoprecipitated with anti-HA (negative control), 
anti-a-synuclein, or anti-Sept4 antibodies and theii subjected 
to immunoblot analysis with anti-a-synuclein antibodies (Fig. 
4A). A fraction of a-s3^ucleLn was consistently pulled down 
with Sept4, indicating direct or indirect physical interaction 
between Sept4 and a-synuclein in vivo. 

To analyze the molecular nature of this interaction, mouse 
cell lines (N18 neuroblastoma and NIH3T3 fibroblast) were 
co-transfected with a plasmid vector expressing a-synuclein 
tagged with Myc epitope (Myc-a-syn) and a second vector ex- 
pressing either the normal Sept4, a mutant Sept4 (Sept4*^^^'^^), 
or the normal Sept2, each tagged with the FLAG epitope (Fig, 
4, B and C). We chose to use short epitope tags (Myc and FLAG) 
to reduce the probability of generating insoluble fusion pro- 
teins, as has been reported for the green fluorescent protein tag 
(34). Sept4^^®'*^ has a missense mutation in its "P-loop" do- 
main and shows reduced guanine nudeotide-binding activity 
(21, 28, 35). The transfected cells were lysed in a buffer con- 
taining 1% Nonidet P-40, and the subcellular components were 
separated into Nonidet P-40-soluble and -insoluble fractions. 
We subjected each fraction directly or after immunoprecipita- 
tion with anti-FLAG antibodies to the immunoblot assay using 
anti-Myc antibodies (to detect Myc-a-S3m) or anti-FLAG anti- 
bodies (to detect FLAG-septins). From the Nonidet P-40-solu- 
ble fraction, Myc-a-syn co-precipitated with FLAG-Sept4 (P^g. 
4B, middle panel, lane 4), indicating physical interaction be- 
tween tagged a-sjnQuclein and Sept4 in cultured cells. Myc-a- 
syn co-precipitated with FLAG-Sept4^^^^^ or FLAG-Sept2 
was less than that co-precipitated with FLAG-Sept4 (Fig. 4B, 
middle panel', compare lanes 4, 6, and 8) even though the total 
amount of Myc-a-syn in the sample of FLAG-Sept4^^^'^^- or 
FLAG-Sept2-transfected cells was comparable with, if not 
greater than, that in the sample of FLAG-Sept4-transfected 
cells (Fig. 4j3, top panel', compare lanes 6 and 8 with lane 4). 
This may reflect the difference in the levels of FLAG-tagged 
septins present in these samples and/or the difference in their 
ability to be incorporated into the molecular complexes. Nev- 
ertheless, the wild type FLAG-Sept4 construct was the most 
efficient among the three septin constructs we tested in bring- 
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Fig. 4. Sept4 and a-synuclein form insoluble complexes. A, 

human brain homogenates were subjected to immunoprecipitation HP) 
with anti-HA (negative control), anti-a-synuclein, or anti-Sept4 anti- 
bodies followed by immunoblot {IB) detection with anti-a-synuclein 
antibodies. B and C, co- immunoprecipitation of FLAG-Sept4 and Myc- 
a-synuclein {Myc-a-syn). N18 mouse neuroblastoma cells were co-trans- 
fected with the indicated expression vectors. After a 36-h incubation, 
the cells were lysed with buffer containing 1% Nonidet P-40 and frac- 
tionated into soluble (JS) £md insoluble fractions (O. Each fraction was 
subjected to immunoprecipitation with anti-FIAG antibodies {IP 
FLAG) followed by immunoblot detection using anti-Myc to detect Myc- 
a-syn (middle panels) or anti-FLAG to detect FLAG-Sept4 or FLAG- 
Sept2 (bottom panels). The (isterisk indicates the position of the immu- 
noglobulin heavy chain. All liiree experiments were repeated three 
times with similar results. 

ing down Myc-ot-syn fr-om the Nonidet P-40-soluble fraction. 

The amount of Myc-a-syn found in the Nonidet P-40-insolu- 
ble fraction was small when expressed alone (Fig. 4C, top 
panelj lane 2) but was increased when FLAG-Sept4 or FLAG- 
Sept4^^°'*'^ was co-expressed (Fig. 4C, top panel, lanes 4 and 6)\ 
this effect was minimal when FLAG-Sept2 was co-expressed 
(Fig. 4C, top panel, lane 8). Interestingly, immunoprecipitable 
FLAG-tagged protein and the associated Myc-a-syn came to the 
Nonidet P-40-insoluble fraction only when FLAG-Sept4 and 
Myc-a-syn were co-expressed (Fig. 4C, bottom two panels, lane 
4), suggesting that FLAG-Sept4 and Myc-a-syn become insol- 
uble to Nonidet P-40 in a co-operative manner. In contrast, 
FLAG-Sept4^^^'*^ and FLAG-Sept2 failed to bring Myc-a-syn 
to the Nonidet P-40-insoluble fraction (Fig. 4C, bottom two 
panels, lanes 6 and 8), We obtained similar results with 
NIH3T3 cells (data not shown). 

FLAG-Sept4 and Myc-ot-syn Become Detergent-insoluble 
when Co-expressed — The above observations suggest that 
FLAG-Sept4 and Myc-a-sjni are soluble when expressed alone 
but both become insoluble when they are co-expressed. To 
confirm this model, NIH3T3 cells transfected with plasmids in 
various combinations were lysed in buffer containing 1% Non- 
idet P-40, and partition of each protein into the supernatant (S) 
and pellet (P) fractions was estimated by immunoblot assay 
(Fig. 5). Consistent with the above observation (Pig. 4C), co- 
expression of Myc-a-syn brought more FLAG-Sept4 into the 
pellet fraction (Fig. 5, compare panels 1 and 2). In contrast. 
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Fig. 5. FLAG-Sept4 and Myc-a-syn form detergent-insoluble 
complexes. NIH3T3 mouse fibroblast cells were transfected with the 
indicated expression vectors. After a 48-h incubation, the cells were 
lysed and fractionated with buffer containing 1% Nonidet P-40. The 
Nonidet P-40-soluble (S) (duplicate samples in left two lanes) and -in- 
soluble (P) (duplicate samples in right two lanes) fractions were sub- 
jected to immunoblot analysis using anti-FLAG (to detect FLAG-Sept4 
or FLAG-Sept2) or anti-Myc antibodies (to detect Myc-a-syn). Note that 
proteins in the Nonidet P-40-Lnsoluble fractions were solubilized di- 
rectly with SDS sample buffer in this experiment, wbich is different 
from the procedure employed in the experiments shown in Fig. 4 (see 
"Experimental Procedures" for more detail). 

Myc-a-syn showed little effects on the solubility of FLAG- 
Sept4^^^'^^ or FLAG-Sept2 under these conditions (Fig. 5, com- 
pare panels 4 and 5, and panels 7 and 8). Reciprocally, co- 
expression of FLAG-Sept4, but not FLAG-Sept4^^^^ or FLAG- 
Sept2, brought more Myc-a-syn into the insoluble fraction (Fig. 
5, compare panels 3, 6, and 9). These data demonstrate the 
bidirectional nature of the interaction between FLAG-Sept4 
and Myc-a-syn in bringing these proteins into the Nonidet 
P-40-insoluble fraction. 

Localization and Biological Activity of Overexpressed FLAG- 
Sept4 and Myc-a-syn in Cultured Cells — To determine the sub- 
cellular localization of FLAG-Sept4* and Myc-a-syn, we per- 
formed immunofluorescent staining of transfected cells using 
anti-FLAG and anti-Myc antibodies (Fig. 6A). FLAG-Sept4 and 
Myc-a-syn were diffusely distributed in the cytoplasm with 
apparent accumulation and co-localization at the cortex or pe- 
riphery of the cells (Fig. 6A, top row). After treatment with a 
proteasome inhibitor, lactacystin, a subset (—30%) of the cells 
contained punctate aggregates at the cell periphery and/or rods 
in the cytoplasmic protrusions (Fig. 6A, middle row). Interest- 
ingly, a fraction (-5%) of doubly transfected, lactacystin- 
treated cells contained large, double-positive structures remi- 
niscent of LBs (Fig. 6A, bottom row). Such a structure was not 
found in cells expressing FLAG-Sept4 alone or Myc-a-syn 
alone. Aggregates were rare in the cells expressing Myc-a-syn 
alone (Fig, 6B), FLAG-Sept4 alone (<0.5%, data not shown), or 
Myc-a-syn plus FLAG-Sept4^^®'*^ or FLAG-Sept2 «5%, data 
not shown). 

Interestingly, a dye exclusion assay using trypan blue 
showed that the cells expressing both FLAG-Sept4 and Myc-a- 
syn were more sensitive to cytotoxicity by lactacystin as com- 
pared with the cells expressing one of the proteins alone or 
transfected with empty vectors (Fig. 6C). Separate experiments 
employing annexin V-enhanced green fluorescent protein and 
propidium iodide to stain dying cells also showed similar re- 
sults (data not shown). Hence, FLAG-Sept4 and Myc-a-syn 
were co-operative in making cells vulnerable to the stress in- 
duced by proteasome inhibition. 

The FLAG(Sept4)/Myc(a-syn) double-positive aggregates 
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Fig. 6. FLAG-Sept4 and Myc-a-syn synergistically induce ag- 
gregate formation and make cells vulnerable to the cytotoxic 
effects of lactacystin. A, NIH3T3 cells co-transfected with plasmids 
expressing FLAG'Sept4 and Myc-a-syn were incubated in the absence 
(— ) or presence (+) of lactacystin (Lc) followed by immunostaining with 
anti-FLAG (red) or anti-Myc (green) antibodies. Merged images are also 
shown. Scale bar = 5 ^tm (upper six panels) and 7.5 fim. (lower three 
panels). B, NIH3T3 cells co-transfected with a vector expressing Myc- 
a-syn plus either FLAG-vector (— ) or a vector expressing FLAG-Sept4 
("f ) were treated with lactacystin. After a 24-h incubation and immun- 
ofluorescent staining with anti-Myc antibodies, the proportion of cells 
harboring fluorescent aggregates among the total of 800 Myc-a-syn- 
positive cells was scored. Error bars represent S.D. from three inde- 
pendent experiments. Scale bar = 20 /x,m, *,p — 0.0016 comparing cells 
expressing both Myc-a-syn and FLAG-Sept4 to those expressing Myc- 
a-syn alone. C, NIH3T3 cells co-transfected with the indicated expres- 
sion vectors " indicates empty vector) were treated with lactacystin 
for 24 h and then stained with trypan blue. The proportion of blue cells 
among the total of 1000 cells was scored under a phase-contrast micro- 
scope. Error bars represent S.D. from three independent experiments. 
*y p < 0.002 comparing cells co-transfected with Myc-a-synuclein and 
FLAG-Sept4 to those transfected with other indicated combinations. 
Scale bar = 100 /un. All experiments were repeated three times with 
similar results. 



also contained ubiquitin (Fig. TA), and ubiquitinated FLAG- 
Sept4 was found predominantly in detergent-insoluble frac- 
tions (Fig. 7, B-E). Thus, FLAG-Sept4 can be ubiquitinated; 
this may occur in insoluble molecular complexes, or once ubiq- 
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Fig. 7. Proteasome inhibition results in accumulation of insol- 
uble, ubiquitinated FLAG-Sept4. A, N18 cells (~5 X 10^) expressing 
FLAG-Sept4 and Myc-a-synuclein were incubated in the presence of a 
proteasome inhibitor (10 /iM lactacystin) for 24 h followed by immuno- 
staining with anti-FLAG (A, green) or anti-ubiquitin (5, red) antibodies. 
Merged images are also shown. Scale bar = 5 fim. B-E, NIH3T3 cells 
(~5 X lO'*) expressing FLAG-Sept4 were treated with 20 lactapystin 
for 16 h, lysed in 1% Nonidet P-40 lysis buffer, and analyzed by immu- 
noblot assay using anti-ubiquitin (IB Ub) antibodies. Accumulation of 
ubiquitinated proteins was detected in both the Nonidet P-40-soluble 
(jS) and -insoluble (P) fractions after lactacystin treatment (By lanes 1 
and 3). On the immunoblots treated with anti-FLAG antibodies (to 
detect Sept4), broad smears in the high molecular mass range, which 
probably represent FLAG-Sept4 molecules ubiquitinated to various 
degrees, were found only in the Nonidet P-40-insoluble fraction (C, lane 
3). The discrete bands in the high molecular mass range of the Nonidet 
P-40-soluble fraction (C, lanes 1 and 2) are probably nonspeciiic, be- 
cause they were also seen in vector-transfectants (data not shown). 
Immunoprecipitation of FLAG-Sept4 with anti-FLAG antibodies fol- 
lowed by immunoblot detection with anti-ubiquitin (D) or anti-FLAG 
(E) more clearly demonstrated that lactacystin treatment increases the 
amount of ubiquitinated FLAGSept4 only in the Nonidet P-40-insolu- 
ble fractions (JD and E, lane 3). 

uitinated, FLAG-Sept4 may rapidly be incorporated into such 
complexes. 

We also generated and tested the activities of a Myc-a-syn 
expression plasmid harboring a missense mutation (A30P) that 
has been found in familial PD cases (8). Interestingly, the 
amounts of FLAG-Sept4 and Myc-a-syn in the anti-FLAG- 
immunoprecipitates from Nonidet P-40-soluble fractions were 
slightly but consistently greater when Myc-a-syn'^^^ was used 
(Fig. SA). Furthermore, cells co-expressing FLAG-Sept4 and 
Myc-a-syn'^^^** were more sensitive to lactacystin toxicity than 
cells expressing FLAG-Sept4 plus wild type Myc-a-syn 
(Fig. 8C). 

Effects ofVd'Synphiliri'l — It has been reported that synphi- 
lin-1 induces cytoplasmic inclusions when co-expressed with 
a-synuclein in HEK293 cells (19). When Myc-a-syn and syn- 
philin-1 tagged with another oligopeptide epitope CV5) were 
co-expressed in NIH3T3 cells, a-syn/V5 double-positive cyto- 
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Fig. 8. Co-inununoprecipitation of Sept4 and wild type or 
A30P of-synuclein. A and 5, NIH3T3 cells were co-transfected with the 
indicated expression vectors. After a 36-h incubation, the cells were 
lysed with buffer containing 1% Nonidet P-40 and fractionated into 
soluble (A) and insoluble (B) fractions. Each fraction was subjected to 
immunoprecipitation with anti-FLAG antibodies (IP FLAG) followed by 
immvinoblot detection using anti-Myc to detect Myc-a-synuclein (mid- 
dle panels) or anti-FLAG to detect PLAG-Sept4 (lower panels). The 
asterisk indicates the position of the immunoglobulin heav'y chain. 
These experiments were repeated twice with similar results. C, 
NIH3T3 cells co-transfected with the indicated expression vectors were 
treated with lactacystin for 24 h and then stained with tiypan blue. The 
proportion of blue cells among a total of 1000 cells was scored under a 
microscope. Error bars represent S.D. from three independent experi- 
ments. *y p = 0.045 comparing cells expressing wild type and A30P 
a-synuclein. The expression levels of the total FLAG-Sept4 and Myc-a- 
syn proteins^ as detected by immunoblot assay using anti-FLAG and 
anti-Myc antibodies, respectively (bottom two panels)^ were not greatly 
different between the two transfectant populations. 

plasmic inclusions formed (Fig. 9A), supporting the previous 
finding. Interestingly, when FLAG-Sept4 was additionally ex- 
pressed in this system, larger inclusions with LB-like morphol- 
ogy formed (Fig. 9S, upper panels). These round inclusions 
were frequently accompanied by satellite inclusions with irreg- 
ular shapes (Fig. 9B, lower panels), which are reminiscent of 
pale bodies, putative precursors of LB found in PD neurons (see 
Fig. 2, C £ind D) (3). These irregular inclusions were FLAG 
(Sept4)-positive but V5 (synphilin-l)-negative (Fig. 9B, lower 
panels). FLAGr-Sept4 and V5-synphilin-l could not be co-immu- 
noprecipitated, and they did not form inclusions in the absence 
of Myc-a-syn (data not shown). 

Expression of V5-s3Tiphilin-l itself was cjiiotoxic, especially 
when combined with lactacystin treatment (Fig. 9C, compare 
bars 2 and 4; p = 0.0037). Although additional expression of 
Myc-a-S3m had little effect on cytotoxicity (Fig. 9C, compare 
bars 3 and 4 with bars 5 and 6), additional expression of 
Myc-a-syn plus FLAG-Sept4 resulted in significant enhance- 
ment of cytotoxicity, especially when combined with lactacystin 
treatment (Fig. 9C; compare bars 4 and 8,p = 0.046). The effect 
of V5-synphilin-l in enhancing the cytotoxicity exerted by 
FLAG-Sept4 and Myc-tx-syn was significant both in the absence 
and presence of lactacystin (Fig. 9C; compare bars 7 and 9,p — 
0.029, and bars 8 and 10, p = 0.015). Taken together, these 
findings raise the possibiUty that Sept4 has the potential to 
cooperate with a-synuclein and synphilin-1 to induce c3i:oplas- 
mic inclusions £md cell death. 

DISCUSSION 

An important finding in this study is that Sept4 is accumu- 
lated in cytoplasmic inclusions found in three major synucle- 



inopathies, PD, DLB, and MSA. In nigral LBs, Sept4 is found 
predominantly in the central cores and a-synuclein in the pe- 
ripheral portions. Possible explanations for this finding in- 
clude: (i) indirect association between Sept4 and a-synuclein; 
(ii) selective association of one of the proteins with a subset of 
the other due, for instance, to differential modification or con- 
formational change; and (iii) epitope masking in specific area of 
LBs. In cultured cells, FLAG-Sept4 and Myc-a-syn were coop- 
eratively incorporated into the Nonidet P-40-insoluble fraction, 
and upon proteasome inhibition or expression of V5-synphi- 
lin-1, they participated in the formation of LB-lLke cytoplasmic 
inclusions and promotion of cell death. Taken together, our 
findings in vivo and in vitro support the idea that endogenous 
Sept4 and a-synuclein are actively involved in LB formation 
and promotion of cell death. Furthermore, our finding that pale 
body-like cytoplasmic aggregates did not contain V5-synphi- 
lin-1 (Fig. 9) suggests that interaction between Sept4 and 
a-sjmuclein may be an early event during LB formation. In 
fact, a recent report indicates that synphilin-l is negative in 
pale bodies (36). 

Results with overexpression of tagged proteins in cultured 
cells cannot be directly extrapolated to the pathological condi- 
tions in the brain. Such experiments in vitro, however, have 
their own advantages, and if supported by pathological evi- 
dence, they may shed light on the role of particular molecules 
in human disorders. The most obvious and important limita- 
tion of pathological evidence is that it completely depends on 
the availability of samples and that it is always retrospective. 
Furthermore, immunohistological evidence heavily depends on 
the quality of the amtibodies used; thus the possibility of cross- 
reaction or epitope masking is ofi^n hard to exclude. Antibodies 
against epitope tags (e.^. FLAG, Myc, and V5) are high in 
afOnity and specificity, so that clear-cut experimental evidence 
can be obtained. Although the effects of the extra peptide on the 
conformation of tagged protein cannot be completely excluded, 
we found no evidence that the tagged proteins tended to be 
insoluble when expressed alone. Our immunohistochemical ev- 
idence (Figs. 2 and 3) as well as the data obtained with specific 
antibodies (Fig. 4A) make it further unlikely that the observed 
interactions between the tagged proteins represent mere 
artifacts. 

The primary structure of Sept4 is unique among septins in 
that it has an extended amino-terminal region (37). The largest 
form of Sept4 (478 amino acid residues) is more than 100 
residues longer than SeptS (369 residues). This extended re- 
gion, which shares no homology with any other protein in the 
current data base, may confer unique biochemical properties on 
Sept4. In contrast, the remaining portion of Sept4 is highly 
homologous (78% identical) to SeptS, a known target for Parkin 
(29, 30). Our data indicate that upon proteasome inhibition, 
Myc-a-syn and ubiquitinated FLAG-Sept4 accumulate in the 
detergent-insoluble fraction (Fig. 7), which probably corre- 
sponds, at least in part, to the visible cytoplasmic inclusions 
(Fig, 6). Whether the FLAG-Sept4 ubiquitination in this sys- 
tem is mediated by endogenous Parkin or by some other ubiq- 
uitin protein Ugase remains to be clarified. 

Sept4 and synphillin-1 share three properties in common: 
they can be co-immunoprecipitated with a-synuclein (19), ubiq- 
uitinated by Parkin (16) or unknown ubiquitin Ugase, and 
concentrated in the LB cores (20). In the cell culture model, we 
demonstrated that FLAG-Sept4 and V5-synphilin-l can co- 
localize in the Myc-a-sjm-based cytoplasmic inclusions and that 
the three proteins can synergistically exert cytotoxicity. The 
relationship between inclusion body formation and cell death in 
synucleinopathies is currently unknown, but we can envisage 
two possibilities: 1) Sept4, a-synuclein, and sjmphilin-l syner- 
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Fig. 9. FLAG-Sept4 cooperates with Myc-a-syn and VS-synphilin-l in inducing inclusions and cell death. A, NIH3T3 cells co- 
transfected with plasmids expressing Myc-ot-syn and V5-synphilin-l (VS-sph) were im munostained with anti-a-synuclein {red) or anti-V5 
antibodies (green). The merged image is also shown. Scale bar = 5 pim, B, NIH3T3 cells transfected with plasmids expressing V5-synphilin-l, 
Myc-<K-syn, and FLAG-Sept4 were immunostained with anti-a-synuclein (red), anti-V5 (green), or anti-FLAG antibodies (red). Merged images are 
also shown. Scale bar = 5 fjum. C, NIH3T3 cells transfected with the indicated expression vectors indicates empty vector) were treated with 
lactacystin (Lc) for 24 h and then stained with trypan blue. The proportion of blue cells among the total of 1000 cells was scored under a microscope. 
Error bars represent S.D. from three independent experiments. Differences were significant (p < 0.05) between the following data sets: 6ors 1 
versus 5, i versus 7, 7 versus 9, 2 versus 4, 2 versus 6, 2 versus 8, 4 versus S, and 8 versus 10. All experiments were repeated three times with similar 
results. 
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gistically form insoluble aggregates or inclusions that trigger 
cell death; or 2) Sept4, oc-synuclein, and synphilin-l form solu- 
ble toxic complexes that trigger cell death unless enclosed into 
inclusions. The fact that AR-JP shows earlier onset than the 
other types of PD and that neurons affected in AR-JP do not 
contain LBs (38) is consistent with the second model. Recent 
reports that soluble a-sjmuclein complexes are linked to neu- 
rotoxicity in dopaminergic neurons (39) and that inclusion 
body formation and cell death are mutually exclusive pheno- 
mena in PC12 cells (40) also support this model. Our data 
on the Myc-a-syn'^^^^ mutant (Fig. 8) indicate an apparent 
correlation between the increase in Nonidet P-40-soluble 
FLAG-Sept4-Myc-a-S3m complexes and cytotoxicity, raising the 
possibility that the Nonidet P-40-insoluble material itself is not 
the toxic entity. This finding may provide an additional support 
to the second model. However, a-synuclein aggregates/inclu- 
sions seem to mechanically damage neurons in an a-synuclein 
transgenic mice model (10-12, 41). More indirect mechanisms 
are also possible; accumulated Sept4, a-synuclein, and synphi- 
lin-l could sequester their ubiquitln-protein ligases ie.g. Par- 
kin) into the inclusions (42). Alternatively, sequestration of 
Sept4 from the cytoplasm to inclusions could affect neuronal 
function by destabilizing actin cytoskeleton (24). In fact, im- 
paired actin turnover is implicated in neurodegenerative dis- 
,eases such as primary dystonia (43) and Alzheimer's disease 
(44). These hypotheses based on our findings should be tested 
in vivo in future studies. 

We reported previously that Sept4 and two other septins are 
present in the tau -based neurofibrillary tangles in Alzheimer's 
disease (27). Because PD and Alzheimer's disease show consid- 
erable overlap in their clinicopathological features, it has been 
proposed that common molecular mechanisms may underlie 
sjTiucleinopathies and tauopathies (41, 45). In this regard, 
Sept4 is unique in its association with the aberrant protein 
depositions in both types of diseases. Further studies on the 
biochemical properties and physiological functions of Sept4 
may therefore provide important insights into the common 
mechanism underlying diverse neurodegenerative disorders. 
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Septins are evolutionarOy conserved cytoskeletal 
GTPases that can form heteropolymer complexes in- 
volved in cytokinesis and other cellular processes. We 
detected expression of the human septin genes 
Nedd5y H5 , Diff6, and hCDClO in postmortem brain 
tissues using the reverse transcription-coupled poly- 
merase chain reaction and their products by immu- 
noblot analysis. Four antibodies directed against 
three septins, Nedd5, H5, and Difl^, consistendy la- 
beled neurofibrillary tangles, neuropil threads, and 
dystrophic neurites in the senile plaques in brains 
affected by Alzheimer's disease but did not label ob- 
vious structures in young control brains. Immuno- 
electron microscopy revealed that Nedd5 localized to 
the paired helical filaments. Pre-tangles, the precur- 
sory granular deposits that accumulate in the neuro- 
nal cytoplasm, also were labeled with the antibodies. 
These findings surest that at least the three septins 
are associated with tau-based paired helical filament 
core, and may contribute to the formation of neuro- 
fibrillary tangle as integral constituents of paired he- 
Ucal filaments. (Am J Pathol 1998, 153:1551-1560) 



Alzheimer's disease (AD) is a group of neurodegenera- 
tive disorders of multiple pathogeneses. The histopathol- 
ogy of the AD brain is characterized by profound neuro- 
nal loss and two distinct pathological features: senile 
plaques and neurofibrillary changes including neurofibril- 
lary tangles (NFTs), neuropil threads, and dystrophic 
neurites in the senile plaques. The number of NFTs 
correlates with the severity of dementia, indicating a 
positive role for NFT in the functional disturbance of tan- 
gled neurons. As exemplified by transgenic mice that 
overexpress one of the neurofilament subunits,"**^ exces- 
sive cytoplasmic deposit of certain proteins can disturb 
neuronal homeostasis, resulting in acceleration of the 
degenerative processes. This may also be true with AD 



brains, in which NFTs progressively displace the normal 
neuronal cytoskeleton. Recent genetic approaches have 
revealed a number of key molecules for the pathogenesis 
of AD, re, amyloid j3-protein precursor (jSPP), presenilins, 

and apolipoprotein So far, however, causal roles of 
these molecules in NFT formation have yet to be estab- 
lished. 

NFT consists of a variety of abnormal filamentous 
structures represented by paired helical filaments (PHFs) 
8-20 nm in diameter with a helical periodicity of 80 nm.^ 
PHP is also the common structural basis of neuropil 
threads and a subset of dystrophic neurites in the senile 
plaque.® PHF is a heteropolymer complex of polypep- 
tides, a major constituent of which is a microtubule-asso- 
ciated protein, tau. The presence of tau in NFT/PHF has 
been established by Immunochemical analyses of brain 
tissues^""''' and sequencing of PHF-derived pep- 
tides.''^"'"* This structural heterogeneity of PHFs in vivo is 
attributable to biochemical modifications of tau^^^'' 
and/or involvement of other components. 

Septlns comprise a novel class of the GTPase family 
originally Identified in the budding yeast mutants CDC3, 
CDC10, CDC11, and CDC12, which are commonly de- 
fective in cytokinesis,''^ ''® The yeast septin gene prod- 
ucts are the major constituents of the ~10-nm filaments 
formed beneath the plasma membrane at the mother-bud 
neck.^'^^ In Drosophila, at least three septins are con- 
centrated near the contractile ring and in the nervous 
system as heteropolymer complexes.^^"^"* In mammals, 
at least seven septin genes have been reported to date: 
Diff6,^^ H5,^^ and Nedd5^'^'^^ in the mouse and 
hCDCIO,^^ KIAA0129. KIAA0158,^° and CDCrei-l^' In 
humans. Our database search and expression analyses 
revealed that (1) the counterparts of mouse DiffG and H5 
are expressed in humans, (2) the counterpart of hCDCIO 
is expressed in the mouse, and (3) KIAA0158 is the 
human counterpart of the mouse Nedd5 gene (see be- 
low). Thus the human and mouse genomes share at least 
four septin genes, Diff6, H5, Nedd5, and CDC10. (Note 
that the mammalian CDC10 genes are not orthologs of 
the budding yeast CDC10 gene.) We have been studying 
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the mammalian septin system since we isolated the 
mouse NeddS gene. NeddS is a ubiquitous cytoskeletal 
component that interacts with actin-based structures 
such as contractile ring and stress fibers.^® Recently, a 
set of septins were identified in a protein complex that 
can interact with sec6/8 complex in the rat brain. Since 
sec6/8 complex is a cluster of molecules essential for 
exocytosis, another role of the septins may be to link the 
secretory machinery to actin-based cytoskeleton be- 
neath plasma membrane. 

In the course of screening neuropathological implica- 
tions of septins based on their potential to form a filamen- 
tous complex, we tested whether they can contribute to 
the neurofibrillary pathology. We report here that three 
human septins, NeddS, Diff6, and H5, are commonly 
deposited in and around NFTs in AD brains, whereas 
hCDCIO is not. Our findings raise the possibility that at 
least three septins are involved in the neurodegeneratlon 
of AD by forming heteropolymer complexes which di- 
rectly or indirectly interact with tau in the PHF. 



Materials and Methods 

Cases 

Human brain tissue samples were obtained from the 
Department of Neurology, Kyoto University Hospital. 
Neuropathological diagnoses were based on the stan- 
dard criteria for AD.^^ Tissues from age-matched pa- 
tients without dementia-causing diseases were used as 
the controls. Three AD (range, 65-82 years) and 7 control 
(5 age-matched, range. 63-85 years; 2 young, 33 and 35 
years) brain samples were analyzed by immunoblotting 
and reverse transcription-coupled polymerase chain 
reaction (RT-PCR), and five additional AD samples 
(range, 73-80 years) were used only for immunocyto- 
chemistry. Specimens taken from the right temporal 
cortices and hippocampi were quickly frozen in liquid 
nitrogen and then used in the biochemical analyses. 
Those taken from the left hemispheres were immersion- 
fixed and used in the histochemical analyses. 

RNA Extraction and RT-PCR 

The methods have been described elsewhere.^ In brief, 
the poly(A)"^ RNA (1 ptg) isolated from each hippocampal 
sample was reverse transcribed from an otigo-dT primer 
in 33 /1.I of reaction medium using First Strand Synthesis 
Kit (Pharmacia, Uppsala, Sweden), Each sample was 
diluted to 1000 ti\ and heat-inactivated, then 10 /jil was 
amplified in a 20-^lI standard PGR reaction mixture con- 
taining 0.2 jLtmol/L primers (see below) and 1.25 /utCi 
[a-^^P]dCTP under the following conditions for 20 cycles: 
0.5 minute at 96°C. 0.5 minute at 52°C. and 1 minute at 
72°C. Each sample was electrophoresed through a 5% 
polyacrylamide gel and densitometry was done with an 
image analyzing system, BAS2000 (Fuji, Tokyo, Japan). 
The amount of amplified /3-actin gene fragment was used to 
estimate the amount of input cDNA for calibration. Control 
experiments were performed to determine the range of PGR 



cycles over which amplification efficiency remained con- 
stant and to confirm that the amount of PGR product was 
proportional to the amount of Input RNA. The identity of 
each PGR product was confirmed by its size and by direct 
sequencing. The following pairs of oligonucleotides were 
used as the primers (the corresponding nucleotide posi- 
tions are shown in parentheses): KIAA0158/human Nedd5, 
AATCTGAGGATGAGAGAGGG (2850-2869) and TGGG- 
TAGTAAAACCAAAGGG (3258-3277); R53785/human 
Dim, AAGCTTTCCCGCCAGAGCGC (3-22) and CGG- 
GACGTGGCCTCAGAGGG (172-191); W69298/human 
H5, TCTCTGGGCAGTCAGCAGGG (31-50) and CAT- 
TATGGAGAACTACCGGG (379-398) S7200S/hCDC10, 
CAAAGGTTCCATTCAGTGCAGC (1720-1741) and 
CTCTTCAAGAGGCCATGATTCC (2191-2212); X00351/ 
human p-actin. AGAAGAGCTATGAGCTGCCTGACG 
(751-774) and TACTTGCGCTCAGGAGGAGCAATG 
(1028-1051). 

Production and Purification of Antibodies 

The production and characterization of the two anti- 
Nedd5 antibodies, 6 and 1 1 , were reported previously.^® 
We also raised antibodies against three synthetic pep- 
tides; C10C (EQQNSSRTLEKNKKKGKIF; residues 400- 
418 of hCDCIO), H5C (DFPIPAVPPGTDPE; residues in 
the putative product of a human cDNA clone W69298 
and mouse H5) and D6C (TEIPLPMLPLADTE, residues 
corresponding to a part of the putative product of a 
human cDNA clone R53785, which Is similar to residues 
315-328 of mouse DiffB). Each peptide was conjugated 
to an equal weight of maleimide-activated bovine serum 
albumin (Pierce, Rockford. Illinois) via a cysteine residue 
added to the amino-terminus. Animals were immunized 
with the bovine serum albumin-conjugated antigen (0.1 
mg of H5C and C10C for a guinea pig, 0.5 mg of D6C for 
a rabbit) emulsified in Freund's complete adjuvant (Sig- 
ma, St. Louis, MO). After boosting with Freund's incom- 
plete adjuvant (Sigma) once or twice, collected sera were 
fractionated with ammonium sulfate and affinity purified 
using the corresponding peptides coupled with fluoro- 
methylpyridinium toluene sulfonate-activated Cellurofine 
(Seikagaku, Tokyo, Japan). 



Immunoblot Analysis 

We followed the standard protocols of Sambrook et aP^ 
with some modifications.^® In brief, the frozen tissue sam- 
ples were sonicated directly in nonreducing sodium do- 
decyl sulfate (SDS) buffer and then ultracentrifuged at 
80,000 X g for 20 minutes. The supernatant was incu- 
bated at 100°C for 5 minutes with 2-mercaptoethanoL 
The lysate containing 25 ^jlq of total protein was sepa- 
rated on 10% SDS-PAGE and transferred to a polyvi- 
nylide difluoride membrane (Micron Separations, West- 
borough, MA). The membrane was incubated overnight 
in the blocking buffer [0.2% Tween 20 in Tris-buffered 
saline (TBS, pH 7.4) containing 1% bovine serum albu- 
min], then with each antibody (1 /xg/ml) in the blocking 
buffer for 1 hour. The membrane was washed with TBS- 
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Tween 20 and then incubated in the blocking buffer 
containing an appropriate secondary antibody conju- 
gated with alkaline phosphatase (Chemicon, Temeoula. 
CA, 1:5000). The innmune complex was detected by a 
chromogenic reaction. The signals were digitized with an 
optica! scanner, GT8000 (Epson, Tokyo, Japan), and the 
software NIH Innage 1.55 was used for densitometry. 



Immunocytochemistry 

We performed immunocytochemistry on the brain sec- 
tions using rabbit polyclonal antibodies against NeddS (6 
and 11) and Diff6 (D6C-1) and guinea pig polyclonal 
antibodies against H5 (H5C-1) and hCDCIO {C10C-1). 
Postmortem brain samples were Immersion-fixed with 4% 
paraformaldehyde in 0.1 mol/L phosphate buffer (PB) for 
24-48 hours. After cryoprotection for 48 hours h in 20% 
sucrose in 0.1 mol/L PB, the tissues were sliced 30 /xm 
thick. The sections were treated for 0.5 hours with 0.5% 
H2O2 in 0.1 mol/L phosphate- buffered saline (PBS, pH 
7.4) containing 0.1% Triton X-100 to deplete endogenous 
peroxidase activities. The slides were then incubated 
with the primary antibodies (1 ^-g/ml) followed by biotin- 
ylated anti-rabbit IgG (Vector, Burtingame CA, 1:200) or 
anti-guinea pig IgG (Vector, 1:200), and the avidin-biotin- 
horseradish peroxidase (Vector, 1:100). The specific im- 
mune complex was detected with diaminobenzidine* 
nickel ammonium sulfate. 

For double immunofluorescence cytochemistry of H5 
(H5C-1) and either Nedd5 (antibody 6) or Diff6 (D6C-1). 
the sections from AD brains were incubated with each 
combination of the primary antibodies, then with fluores- 
cein isothiocyanate-conjugated anti-rabbit IgG antibody 
(Chemicon, 10 /xg/ml) and biotinylated anti-guinea pig 
IgG antibody (Vector, 1:200), followed by treatment with 
Texas Red-conjugated avidin (Vector, 1:1000). For dou* 
ble staining of phosphorylated tau (Tau2, Sigma, 1:1000 
or ATS, Innogenetics. Zwijndrecht, Belgium, 1:1000) and 
either of NeddS (6), H5 (H5C-1) or Diff6 (D6C-1), we used 
fluorescein isothiocyanate-conjugated anti-mouse IgG 
(Chemicon, 10 /ig/ml) and biotinylated antibodies (ie. 
anti-rabbit IgG for Nedd5 and Diff6, and anti-guinea pig 
IgG for H5, Vector, 1:200) with Texas Red-conjugated 
avidin (Vector, 1:1000). The sections were observed 
through the appropriate filters. 

Double staining for C4d and septins were done as 
follows: Sections were sequentially incubated with mouse 
monoclonal antibody against C4d (Quidel, San Diego, 
CA, 1:1000) and the biotinylated secondary antibody and 
developed for 10 minutes in a solution containing 0.02% 
diaminobenzidine and 150 /^mol/L H2O2 in 50 mmol/L 
Tris-CI (pH 7.6). After incubation in 150 mmol/L H2O2 in 
PBS for 30 minutes, the sections went through the second 
staining cycle with each of the anti-septin antibodies and 
biotinylated secondary antibody, then they were devel- 
oped in 0.02% diaminobenzidine and 0.6% nickel ammo- 
nium sulfate solution. Consequently, C4d was stained 
brown and septins were labeled dark purple. 



Immunoelectron Microscopy 

A pre-embedding method was used for the immunoelec- 
tron microscopy. Paraformaldehyde-fixed entorhinal cor- 
tices from AD patients were sectioned (50 /tm thick) in a 
vibratome. The sections were blocked with 20% normal 
goat serum for 1 hour and then incubated with anti- 
NeddS antibodies (6 or 11, 1 ^g/ml) in 0.1 mol/L PB 
• overnight at 4°C, followed by incubation with 1.4 nm 
gold-coupled anti-rabbit IgG (Nanoprobes, Stony Brook. 
NY. 1:100). Sections were postfixed in 1% gl Paraldehyde 
in distilled water for 10 minutes. The sections were 
treated with HQ Silver enhancement kit (Nanoprobes), 
then with 1% OSO4 In 0.1 mol/L PB. stained with 1% 
uranyl acetate, dehydrated in ethanol, and flat-embed- 
ded in epoxy resin. Serial ultrathin sections 50 nm thick 
were observed with an H-7100 electron microscope (Hi- 
tachi, Tokyo, Japan). 

Results 

Expression of Human Septin Genes in the Brain 

The complete human septin cDNA sequences of 
KIAA0158 (encoding the human counterpart of mouse 
Nedd5, which we call human Nedd5 in this paper) and 
hCDCIO are available in the database. In addition, there 
are partial human cDNA sequences (eg, accession nos. 
R36763 and W69298) encoding polypeptides that are 
85% and 94% identical to the amino- and carboxy-termi- 
nal sequences, respectively, of mouse H5. Likewise, we 
found several other human cDNAs (eg, accession nos. 
AA262134 and R53785) encoding polypeptides that are 
96% and 98% identical to the middle and carboxy-termi- 
nal portions, respectively, of mouse Diff6. Given the high 
interspecies conservation of the amino acid sequences 
of the septin counterparts (eg, 99% between human and 
mouse Nedd5) and the moderate amino acid identities 
(50-60%) shared among the septins in a given mamma- 
lian species,""® these cDNA fragments are likely to be 
derived from the human counterparts of the mouse H5 
and Diff6 genes. In this study, we have therefore re- 
garded R36763/W69298 and AA262134/R53785 as par- 
tial cDNA fragments of the human H5 and DiffS genes, 
respectively. 

We assessed expression of the four human septin 
genes {Nedd5, hCDCW, H5, and Diff6) in postmortem 
brain samples using RT-PCR analysis. We found that the 
four septin genes were expressed in all of the brain 
samples investigated in this study: AD (n = 3), age- 
matched control (n = 5), and young control (n = 2) brains 
(Figure 1a). The identity of each PCR product was con- 
firmed by size and DNA sequence. Densitometric data of 
each septin gene's expression level in the three groups 
were as follows (standardized with the j3-actin gene ex- 
pression level, arbitrary unit): Neddd (AD 101 ±7, age- 
matched 106 ± 12. young 119 ± 1 1), /7CDC70 (108 ± 3. 
119 ± 8, 146 ± 16). H5 (122 ±5. 107 ± 4. 121 ± ^),Dfff6 
(130 ± 2. 125 ± 4. 135 ± 16). We could not detect any 
consistent differences in the expression levels among 
these limited number of samples. 
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bodies were raised against synthetic peptides corre- 
sponding to portions near the carboxy-ternnini of H5, 
Dlff6, and CDC10 (H5C-1, D6C-1, C10C-1), respectively. 
These sequences were not shared by any other polypep- 
tide in the database. 

Using these antibodies, we perfornned immunoblot 
analysis with mouse embryonic and human brain tissues. 
As we reported previously,^® the two anti>Nedd5 antibod- 
ies detected 41.5-kd proteins both in the mouse and 
human tissues. These bands were abolished after treat- 
ment of each antibody with excess corresponding anti- 
gen (Figure lb). Likewise, each of the antibodies H5C-1, 
D6C-1, and C10C-1 detected a single band of expected 
size (54. 42, and 49 kd, respectively) in the human and 
mouse tissue samples (Figure 1b). Each band was abol- 
ished by preadsorption with excess amount of the corre- 
sponding antigen but not with the other septin antigens 
(Figure 1b and data not shown). These results estab- 
lished that each antibody reacted specifically with the 
corresponding human septins In the brain samples with- 
out mutual cross-reactivity. The molecular weights of the 
putative human H5, Diff6 and hCDCIO estimated by the 
immunoblotting are comparable to those of the mouse 
homologs. providing additional evidence of their identity 
as the human counterparts. 

We assessed the amount of NeddS in SDS-soluble 
fractions of the hippocampal and temporal cortices from 
AD (n = 3), age-matched control (n = 5), and young 
control (n = 2) brains. Densitometric analysis of the 
bands showed no consistent differences among the 
groups; AD 116 ± 16. age-matched 145 ± 20, young 
136 ± 13 (Figure 1c). 



Figure 1. Expression of die four septins in AD and control brains. 3: RT-PCR 
analysis of the human septin genes expressed in the hippocampus. Pol><A>"*" 
RNA (—10 ng) from human hippocampal regions was reverse- transcribed 
and subjected to PGR using primer sets for human Nedd5, Diff6, H5, and 
hCDClO, and for /3-actin as an internal control. Representative results for AD 
brains (lanes 1-3), age-matched (lanes 4-7, 10) and young (lanes 8, 9) 
control brauis, and a negative control without template cDNA (NC) are 
shown, b: Characterization of the four anti-septin antitKxlies used in this 
study. Each antibody (6 and 11 for Nedd5, H5C-1 for H5. and D6C-1 for 
Diff6) vc'as tested by immunoblotting of lysates from mouse embryos (at 
gestational day 13.5) and a normal human hippocampus. Each lane con- 
tained 25 /i.g of total protein. Immunoreactive bands (arrowheads) were 
abolished when antibodies preadsorbed with the corresponding antigens 
were used. C: Immunoblot .of the hippocampal i>'sates of AD and control 
brains. A representative blot showing Nedd5 (detected by antibody 11) in 
brains from AD paiienLs (lanes 1-3), age-matched conu-ols (lanes 4-7, 10) 
and the young individuals (lanes 8, 9). Each lane conuiined 25 \i% of total 
protein. 



Characterization of the Septin Antibodies 

We raised polyclonal antibodies against the four mam- 
malian septins (NeddS, H5, DiffB and CDC 10) using re- 
combinant proteins or synthetic peptides that correspond 
to amino acid sequences highly conserved between the 
human and mouse counterparts but distinct from the 
other septins. Authenticity of the two antibodies (6 and 
11) that recognize distinct regions of human/mouse 
Nedd5 was established previously.^^ Three other antl- 



Detection of Septins in Brain Tissue Sections 

We immunostained paraformaldehyde-fixed, free-floating 
tissue sections from histopathologicaily confirmed AD 
brains (n = 8) as well as from those of age-matched (n = 
5) and young (n = 2) control cases. Anti-Nedd5 antibody 
6 labeled numerous NFTs and neuropil threads in the 
entorhinal cortex of AD brains (Figure 2a). Positive stain- 
ing was completely abolished by preadsorption of the 
antibodies with excess antigens but was not affected by 
preadsorption with antigens of the other septins (Figure 
2. a and b, and data not shown). Elimination of the pri- 
mary antibodies also abolished the signals. In contrast, 
these antibodies did not label obvious structures more 
than diffuse cytoplasmic staining in the young control 
brains (Figure 2c and data not shown). In AD brains, 
antibodies 6 and 1 1 against NeddS consistently stained 
NFTs (Figure 2. d and e). NeddS was also detected In 
neurites in the neuropil (neuropil threads) and dystrophic 
neurites in senile plaques of AD brains (Figure 2a). These 
NeddS-positive structures were abundant, particularly in 
the hippocampus and entorhinal cortex. Antibodies 
against H5 (HSC-1) and Diff6 (D6C-1) gave essentially 
the same staining patterns as those of 6 and 11, whereas 
an antibody against hCDCIO (C10C-1) did not label NFTs 
(Figure 2, f and g, and data not shown). NFTs sparsely 
distributed in the age-matched entorhinal cortices were 
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Figure 2. ImmunocytochemiaU detection of septins in AD and control brains, a: Anti-Nedd5 antibody 6 labeled numerous NlT^s, neuropil threads and dystrophic 
neurites in the senile plaques in the entorhinal cortex of an AD brain, b: Preadsorption of 6 witli the antigen peptide alx>lished die signals on an adjacent section 
from llie same patient as in a. C: A representative section of the entorhinal cortex from a young individual showing minimal cytoplasmic staining for NeddS. d 
to g: Sections of the entorhinal conex and hippocampus from AD brains immunostained with the following anti-septin antibodies; 6 (d) and 11 (e) for Nedcl5, 
H5C-1C f ) for H5, ;uid D6C-l(g) for Diff6. NFTs. neuropil direads, and dystrophic neurites are intensely labeled witli the four antibodies but the nonnal-appeiiring 
neurons are nc»t stained, h to j: Higher magnifications of the immunolabeled AD brain .sections. NFTs, neuropil threads Ch). and dystrophic neurites of senUe plaque 
(i) are intensely stained with anti-Nedd5 anlibo<iy 6. Some glial tangles are also seen in h. In j, H5-immunoreactive granules (pre-iangles) beside the manifest NFT 
in the neuronal cytoplasm are shown (arrow). Scale: 200 ^un (a-c). 130 /im (d, e) , 100 ftm (f, g), 50 /un (h-j ). 
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also stained for NeddS, H5, and Dlff6, but not for hCDCIO 
(data not shown). 

The three septi'ns (NeddS, H5 and Diff6) were also 
detected in the cytoplasm of a small number of neurons 
that did not manifest NFTs. where immunoreactivities 
were distributed in a granular pattern (Figure 2j and data 
not shown), probably corresponding to the pre-tangles 
(also referred to as stage 0 tangles^® or Group 1 tan- 
gles^^). 

Septin-positive fibrous structures, which appear to be 
glial tangles in astrocytes, were also found in small non- 
pyramidal cells in AD brains (Figure 2h). 



Colocalization ofSeptins and Tau in 
Intracellular NFT s 

Drosophila and rat septins are known to form heteropoly- 
mer complexes in wVo.^^-^"*-^^ However, we found that 
tissue distribution and subcellular localization of NeddS, 
H5, Diff6, and CDC10 in mouse and human cells are not 
necessarily identical (Kinoshita, Valenclk, Kinoshita, Prin- 
gle, and Noda. manuscript in preparation). Thus we 
tested colocalization of the septins in NFTs. Double im- 
munofluorescence staining of the hippocampus and en- 
torhinal cortex of AD brains showed largely overlapping 
labeling patterns for H5 and Diff6 (Figure 3, a and b), 
except for a few Diff6-positive NFTs that were H5-nega- 
tive (arrowheads in Figure 3b). Similar results were ob- 
tained for the combination of NeddS and H5 (data not 
shown). We then compared localization of the septins 
and tau. the major constituent of NFTs. For instance, 
double labeling of AD hippocampi for Diff6 (with D6C-1 
antibody) and phosphorylated tau (with commercial an- 
tibodies Tau2 or ATS) showed that roughly 9S% of NFTs 
were doubly labeled for both tau and Diff6 (Figure 3, c 
and d). We therefore concluded that the septins localize 
close to the phosphorylated tau in the majority of NFTs. 
Interestingly, however, some other neurons appeared to 
contain almost exclusively either tau (Figure 3f) or Diff6 
(Figure 3e). Even in the double-positive neurons, subcel- 
lular distributions of Dlff6 and tau appear overlapping but 
not identical (Figure 3, c and d): tau is enriched both in 
somatic and dendritic NFTs, whereas Diff6 appears to 
localize more proximally (see Discussion). These data 
also support the observation that the antibodies are not 
mutually cross-reactive. 

After disintegration of tangled neurons, NFTs are 
known to remain in situ and exposed to the extracellular 
milieu. These extracellular NFTs (eNFTs) have a unique 
immunocytochemical profile: ie, a number of tau epitopes 
have been lost, probably through proteolytic processing. 
Meanwhile, activation of the complement system takes 
place against eNFTs, resulting in heavy decoration with 
various complement proteins. Our double-staining 
analysis showed that the distribution patterns of septin- 
positive NFTs and complement C4d-posltive NFTs 
(eNFTs) were mutually exclusive (Figure 3g). These find- 
ings indicate that septin-positive NFTs are formed intra- 
cellutarly and that the septin epitopes may be lost due to 



proteolytic degradation or other modifications after neu- 
ronal collapse. 



Electron Microscopic Detection of a 
Septin in PHF 

Ultrastructural localization of a septin in the NFTs was 
analyzed in the entorhinal cortex of AD patients using a 
pre-embedding, immunogold-labeling method by using 
anti-NeddS antibodies (6 and 11). Both of the two anti- 
bodies gave specific labeling along PHFs (Figure 4, a 
and b, and data not shown). No labeling was detected in 
association with neurofilaments, glial fibrils or any other 
normal structures in the cytoplasm. 



Discussion 

We showed that the three human septins, NeddS, HS and 
Diff6, are concentrated in intracellular NFTs, dystrophic 
neurites in senile plaques, neuropil threads in the brains 
of all of the AD patients studied and. to a much lesser 
extent, in some elderly controls. It is unlikely that staining 
was due to nonspecific labeling or cross- reactivity to 
other proteins, in particular the major NFT component 
tau, for three reasons: (1) none of the known septins 
shares similarities in the primary structure with tau; (2) the 
results were consistent with antibodies directed against 
two distinct epitopes in NeddS; and (3) double staining 
with each septin and tau revealed a minor but obvious 
dissociation in their localization. 

As assessed by the RT-PCR and Immunoblot analyses, 
brains from young individuals contain as much septin 
mRNAs and their products as AD brains. By immunocy- 
tochemistry. however, no obvious structure more than 
diffuse cytoplasmic staining was found in young brains 
(Figure 2b). We are not sure of the specificity of this 
staining because the signal intensity is as weak as the 
background level of preadsorbed one (Figure 2c). Such 
discrepancy between the immunoblot and immunocyto- 
chemistry results is reminiscent of the case of tau.^® In 
normal neurons, tau is distributed along microtubules or 
diffusely in the cytoplasm, which is barely detectable with 
current immunocytochemical techniques. Tau becomes 
detectable only at high concentrations in the neurofibril- 
lary changes. Similar explanation may apply to the sep- 
tins. In addition, certain conformational changes through 
the aggregation process might enhance immunpreactiv- 
ity. as has been proposed for anti-tau antibodies, Alz-50 
and MC-I."**^ Our negative results with an anti-hCDCIO 
antibody could be explained by reduced immunoreactiv- 
ity after conformational changes or epitope masking 
through complex formation. Alternatively, hCDCIO may 
be in fact excluded from NFT because isoelectric points 
of NeddS, Diffe, and HS are 6.2, S.6, and S.5, respec- 
tively, whereas those of hCDCIO and tau are 9.0 and 9.9. 
Thus, the three acidic septins can be highly interactive 
with extremely basic protein tau. while a basic septin 
hCDCIO cannot. 
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Figure 3. Double immunolabeling analyses of the entorhinal cortices from AD bniins. a and b: H5 (a) and Diff6 (b) were labeled respecnively with Texa^s Red 
and fluorescein. Signals for H5 and Diff6 largely overlap in the NFTs. However, a few NFTs are positive exclusively for H5 (double arrowhead) or DifF6 
(arrowheads). C-f: Tau and DiflF6 were labeled respectively with fluorescein (green) and Texas Red (red). The two signals were laigely colocalized (shown as 
yellow in c, d), but found dissociated in some cases; ie, red cells (e) and green cells ( f ) (arrowheads). Note their distinct subcellular distribution in a single neuron 
(arrow in c, d). Q: C4d and Nedd5 (6) were labeled brown and dark purple, respeaively. Nc»te that C4d-positive extracellular NFTs contain little, if any, 
immunoreactivtty for NeddS (arrowhead). Diffuse plaques are intensely suiined for C4d but not for NeddS (arrow). Scale: 100 p.m. 



The three septins exist not only in typical NFTs but in 
granular or fine fibrillar deposits In the neuronal soma as 

well. These structures may be considered as the earliest 
detectable stage of NFT formation (stage 0 tangles^® or 



Group 1 tangles^^). These changes were not found in 
young control brains, but were sparsely present in elderly 

controls. This may reflect the fact that degenerative neu- 
ronal changes accompanied by NFTs also develop, to a 
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Figure 4. Immunoelectron micrographs for Nedd5 in the entorhinal cortex of an AD brain. 8: An eleciron micrograph showing that ^Id particles for Nedd3 
(arrow) specifically labeled NFTs in the r^euronal cytoplasm. Scale: 4 fjLm. b: A higher magnification of the NFTs. Tlie gold particles are concentrated along PHFs 
in die cytoplasm. Scale: 0.4 /im. 



much lesser extent, with normal aging. The presence of 
septins in such pre-tangles indicates that precursory, 
septin-containing aggregates are formed diffusely in the 
cytoplasm during the latent or earliest stage of NFT for- 
mation. The dissociation of immunoreactivities for septins 
and tau in a minor fraction of tangled neurons (Figure 3, 
e and f) may be attributable to masking of the epitopes by 
steric hindrance or secondary modification. However, the 
composition of Diff6-positive, phosphorylated tau-nega- 
tive NFT-like structures (Figure 3e) would be intriguing 
because such accumulation of septins might be a novel 
mode of neurodegeneration. 

Ample evidence has established that hyperphospho- 
rylated tau is the major constituent of PHFs.^^ Because 
hyperphosphorylation of tau reduces its affinity for micro- 
tubules, it has been postulated that the increased un- 
bound tau in the cytoplasm aggregates into PHFs. How- 
ever, failure of tau-overexpressing transgenic mice to 
develop neurofibrillary changes''^ suggests that addi- 
tional factors are required to promote NFT/PHF formation. 
On the other hand, extracellular accumulation of amyloid 
/3 protein (A/3) is considered as a major factor in AD, but 
transgenic mice that overexpress /3PP or its variants do 
not develop NFTs despite heavy A^ deposits in the 
brain. Such diseases as dementia pugilistica, viral 
encephalitis (subacute sclerosing panencephalitis), 
Guam Parkinson-dementia complex,"*^ Niemann-Pick 
disease type C,"*^ and myotonic dystrophy"*^ show neu- 
rofibrillary pathology without marked Ap deposits. These 
data indicate that diverse factors can trigger NFT forma- 
tion as a final common pathway: however, tau Is not 
sufficient and Aj3 deposition is not necessary. 

We have demonstrated that NeddS, hCDCIO, H5, and 
Diffe are associated with actin cytoskeleton and recruited 
in the neurite and growth cone^® (Kinoshita, Valencik, 



Kinoshita, Pringle, and Noda, manuscript in preparation). 
Recently, a fraction of septins in the cytoplasm have been 
identified in a complex that interacts with the sec6/8 
complex in the rat brain. Although physiological func- 
tions of the septin complex in the mammalian brain are 
yet to be determined, these and other data obtained in 
other species ^^•^''■^^ suggest that mammalian septins 
provide scaffolds for organization of submembranous 
structures, neuronal polarity, and vesicle trafficking. We 
have previously shown that the assembly of septin fila- 
ment is regulated by several factors such as growth 
signals, actin filament, and GTP hydrolysis, and that di- 
rect and indirect disturbances of these factors result in 
abnormal distribution and aggregation of NeddS.^® 
Therefore, whatever the original pathogenetic factors 
may be, disturbed septin assembly in neurons may affect 
the vesicular transport and structural integrity, eventually 
accelerating the degenerative processes. 

Septins are also present in glial tangles in some de- 
generating astrocytes (Figure 2h). We also observed 
septin-positive glial tangles in the brains of multiple sys- 
tem atrophy patients (unpublished data). Thus involve- 
ment of septins in the pathological structures may be a 
common degenerative process in neuronal and glial lin- 
eages across distinct disease entities. 

We found that overexpression of NeddS in cultured 
cells gives rise to septin-containing fibrous or flame- 
shaped deposits in the cytoplasm (unpublished data). 
This suggests that excessive and/or disproportional ag- 
gregation of septin monomers in the cytoplasm can pro- 
vide scaffolds for further recruitment of proteins such as 
septins and tau, promoting formation of pre-tangles and, 
subsequently, of NFTs. Testing whether the septin scaf- 
folds accelerate the organization of tau into NFTs, or vice 
versa, should provide important insights into the molec- 
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ular mechanisms of NFT formation and the neuronal de- 
fects in AD. 
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lymphocytes. This indicates that the observed cytotoxicity 
depends on the integrity of the islet cell surface constituents. 

Taken together, our results show that pancreatic expression 
of IFN-y can result in immune sensitization of the transgenic 
mice to islets. In other experiments involving ectopic expression 
of antigens in islets, no islet immune-related destruction results, 
irrespective of whether tolerance is induced'. Indeed, there are 
other examples of T cells reactive to components in the periphery 



existing in a quiescent state*"'*'. In vitro experiments have 
demonstrated that IFN-7 can induce co-stimulatory activity 
leading to T cell activation^*^, so when produced in vivo, it might 
activate quiescent autoreactive cells, stimulating lymphocytes 
to destroy both transgenic and normal islets. Our work implies 
that in vivo the lymphokine IFN-y activates T cells so that 
they do not remain anergic to antigens encountered in the 
periphery. □ 
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Targeted disruption of the murine 
int'l proto-oncogene resulting in 
severe abnormalities in midbrain 
and cerebellar development 

Kirk R. Thomas & Mario R. CapeecM* 

Howard Hughes Medical Institute, Department of Biology 
and Human Genetics. Salt Lake City. Utah 84112, USA 

The ini'l proto-oncogene was first identified as a gene activated 
in virally induced mouse mammary tumours'*^. Expression studies, 
liowever, suggest that the normal function of tliis gene may be in 
spermatogenesis and in the development of the central nervous 
system^'. Genes sharing sequence similarity with inf-l have been 
found throughout the animal kingdom. For example, int-1 has 
54% amino-acid identity to the Drosophila segment polarity gene 
wingless {wg}^. Both the int-1 and gene products seem to be 
secreted proteins, presumably involved in ceil-cell signalling^'". 
We have now explored the function of int-l in the mouse by 
disrupting one of the two int-1 alleles in mouse embryo-derived 
stem cells using positive-negative selection''. This cell line was 
used to generate a chimaeric mouse that transmitted the mntant 
allele to its progeny'^^^. Mice heterozygous for the int-1 null 
mutation are normal and fertile, whereas mice homozygous for 
the mutation may exhibit a range of phenotypes from death before 
birth to survival with severe ataxia. The latter pathology in mice 
and humans is often associated with defects in the cerebellum. 
Examination of int-l~/ int-1 ~ mice at several stages of embryo- 
genesis revealed severe abnormalities In the development of the 
mesencephalon and metencephalon indicating a prominent role for 
the int'l protein is In the induction of the mesencephalon and 
cerebellum. 

Gene targeting has been used to disrupt numerous genes in 
mouse embryo-derived stem (ES) cells"'""" and in several 
cases, germ-line transmission of the mutated gene has been 
reportcd'^"^*. The targeting vector we used to mutate int-1, 
plNT-l-N/TK, is shown in Fig. lo. It contains 13 kilobases 
(kb) of mouse genomic DNA surrounding the int-1 structural 
gene, which is interrupted in exon 2 by a 1-kb fragment contain- 
ing the neomycin resistance (neo^) gene, and flanked by copies 
of the thymidine kinase (TK) gene from herpes simplex virus. 

• '0 wnom correspondence should be addrused. 
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TABLE 1 Phenotype of int-1 -/int-1 " mice 



(a) Mortality of int-l'/int-l' mice 



No. 
litters 



No. 
pups 

42 



No. 

int-1-/ int-1- 
10 



Day of death of 
int-1-/ int-1- 
0-0.5 0.5-1.5 >30 



6 



ib) Genotype and phenotype of embryos 
Days p.c. 
14.5 



17.5 



Genotype 
+/ + 
+/- 
-/- 
+/ + 
+/- 
-/- 



No. individuals 
3 
3 
2 
7 
7 
4 



Brain morphology 
Normal 
Normal 

Underdeveloped 

Normal 

Normal 

Underdeveloped 



Mice heterozygous at int-1 were mated, (a) Mortality of live births: Five 
pregnancies proceeded to term and the nests examined at daily intervals. 
Dead offspring were removed and their DNA examined as described in the 
legend to Fig. 2. At day 30, DNA was extracted from tails of all living offspring 
and analysed by the same method, ib) Genotype and phenotype of emtiryos. 
Embryos were surgically renwved from pregnant mothers at the times 
indicated and Immersed in Bouin reagent. Yolk sacs were genotyped as 
described in Fig. 2. After 2 days in fixative, the embryonic brains were 
surgically removed, examined under a dissecting microscope and quatita- 
tively oonnpared The 14.5-day embryos were from a single mother, the 17.5 
embryos represent the sum of two pregnancies 

The nco"" gene serves both to disrupt the int-1 protein reading 
frame and to provide a positive selectable marker, resistance to 
growth in G418, for the presence of the int-1 mutation. The TK 
genes, lying outside int-1 homology, function in the presence 
of the antiviral agent gancyclovir (GANG), as negative selectable 
markers that allow enrichment for cells in which homologous 
recombination has occurred*^. 

ES cells were transformed by electroporation with the vector, 
pINT-l-N/TK and then grown in the presence of G418 and 
GANG. DNA was extracted from those colonies resistant to 
both drugs and analysed by Southern transfer for an insertion 
mutation at int-1. Of SxlO^ cells surviving electroporation, 
5x\(3^ gave rise to 0418*^ colonies and 400 were resistant to . 
both G418 and GANG. One of the G418'-GANG' colonies, 
cell-line 54, proved to contain a targeted disruption in one of 
the two inr-i genes. The targeted disruption frequency for int-1 
was considerably lower than previously reported for hprt (ref. 
17), int-2 (ref. 12), en-2 (ref. 20), c-abi (ref. 25), ICF-II (ref. 
27) and ^2-microglobulin"'^, which may reflect inherent 
differences of the loci. 
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The demonstration of gene targeting in cell-line 54 is illus- 
trated in Fig. \b, DNAs from the parental ES cell line (CCl.2)^^ 
and cell-line 54 were digested with Sad and analysed by 
Southern blotting using a hybridization probe (probe A) that 
contained sequences outside those found on the targeting vector. 
In the parental line, this probe detected a 4-kb fragment of 
DNA. In the mutant cell line, an additional mf-J band of 5 kb, 
was evident, consistent with the insertion of the 1-kb neo' gene 
into int-L This interpretation was verified by digestion of this 
DNA with two additional restriction enzymes and probing with 
neo sequences (data not shown). The same DNAs were digested 
with Bg/II and Xhol and analysed with a probe (probe B) 
contained within the vector sequences. In addition to the wild- 
type allele, DNA from cell-line 54 also revealed two fragments 
derived from the mutant, int-l' allele. One of these, of 4 kb, is 
that predicted for the neo' insertion; the other, of 4.3 kb, is from 
a tandem duplication (described in the legend to Fig. 1) and 
subsequent insertion of vector sequences at the target site. This 
duplication- insertion configuration was verified by six indepen- 
dent enzyme digests (data not shown) and is similar to targeting 
events described by others^'**". 

Chimaeric mice were generated by microinjecting the male 
ES cell-line 54— originally derived from a 129 Sv agouti mouse — 
into blastocysts from C57B1/6 nonagouti mice. One male 
chimaera, when mated to a C57B1/6 female sired pure agouti 
offspring indicating that his germ line contained sperm derived 
from ES cell-line 54, DNA prepared from tail biopsies taken 
from the chimaera and two of his agouti offspring was analysed 
by Southern transfer as shown in Fig. 2a. DNA from the parental 
ES cell line and cell-line 54 serve as controls for the int-l*/ int-l'*' 
and int-l~ / int-1'^ genotypes, respectively. As expected, the 
chimaeric father contained im-l~ sequences, but not in 
stoichiometric amounts, a reflection of the degree of chimaerism 



in the tail. Both of his offspring, however, show the same 
mr-i '/int'l'^ genotype stoichiometry seen in the original mutant 
cell line. 

The heterozygous offspring were bred with C57B1/6 mice to 
esublish a colony of mice heterozygous for the int-l~ mutation. 
Sibling heterozygotes were mated and the pregnancies allowed 
to proceed to term. All offspring were genotyped at the m/-l 
locus by analysing tail DNA by Southern blotting. Table 1 
summarizes the fate of ten int-l" / int-l' offspring (from five 
litters): six were dead within 0.5 days of birth; three survived 
0.5 days but died before day 1.5 and one survived to adulthood. 
Variation in survival may reflect variation in the penetrance of 
the inul mutation or variability in the nurturing by the mother; 
female mice will often separate malfunctioning offspring from 
the rest of the litter. But in our experiments, one out of six 
homozygous int^l' mice (two litters) examined before birth at 
17.5 days p.c. died in utero. 

The int-1 "/ int'l~ mouse that survived to adulthood was most 
informative regarding int-l function. She exhibited severe 
ataxia. When moving, she pivoted both clockwise and counter- 
clockwise around her rear legs. This abnormal pattern of move- 
ment was not due to muscle wastage or defects in local motor 
neuron circuitry as she could jump more than 30-cm vertically. 
Relative to heterozygous siblings, she responded normally to 
stimuli of light, sound, smell and touch. 

The presence of this behavioural phenotype in the inr-i~ 
homozygote (that is, the loss of balance and coordinated move- 
ment) suggested a defect in the cerebellum and prompted us to 
examine the central nervous system (CNS) in embryos produced 
from heterozygous matings. Embryos were removed from 
pregnant females at 11.5, 14.5 and 17.5 days p.c. The DNA was 
extracted from the yolk sacs and analysed by Southern transfer 
to determine the in/-i genotype; the embryos were then fixed 



FIG. 1 ^ The targeting vector, pINT-l-N/TK, consists of 13.5 kb of mouse 
genomic sequences, containing the int-l gene Interrupted at the Xho\ site 
in exon 2 (ref . 2) with the neo' gene from pMCI-Neo (ref. 17). The int-l-neo' 
sequences are flanked by copies of the HSV-TK gene from pMO-TK (ref. 
12). Narrow lines, introns; black boxes, exons; hatched boxes, neo'; stippled 
boxes, HSV^-7K. The vector was linearized by digestion with Sali. and intro- 
duced into ES cell line CC1.2 by electroporation. Allquots of cells were 
subjected to three growth conditions: non-selective medium to assess 
viability (50% of the startlrtg cells survived electroporation); G418 medium 
to assay the fractktn of cells stably transformed by the vector; and G418 
plus GANG medium to enrich for transformants containing a neo' insertion 
at one of the int-1 loci. DNA from cells surviving G418-GANC selection were 
subjected to Southern transfer analysis as shown in b. Note: The preserK:e 
of flanking 7K sequences was included to add an additional enrichment to 
the positive- negative selection protocol. Previous data suggested that a 
large fraction of non-targeted, yet GANC. cells transformed with vector 
containing a single TK survived because of transfection-induoed alteratkins 
of the 7K gene^^. The presence of the second copy of the TK sequences 
does seem to enhance the enrichment factor from the 10^ seen previously, 
to 10* (that is, 5x10^/4x10^). seen in Table 1. We have shown that 
blocking none, one, or both ends of a targeting vector has no detectable 
effect on the frequency of homologous recombination at the hprt locus 
(K.R.T. and M.RC.. unpublished observations), b. Identification of an int- 
1^/int-l- cell line. ES. DNA from cell line CC1.2. 54, DNA from the G418'. 
GANC cell line transfected with pINT-l-N/TK. Sizes of the bands are indicated 
(kb). ONAs hybridized to probe A were digested with SacI; those to probe 
B with Bgn\ and Xhol The int-1 * allele gives a stronger signal than the 
int-l~ allele because of wild-type sequefx:es in the feeder cells used to 
propagate the ES cells, c. A schematic representation of the Southern 
transfer data. ES is a map of the wild-type int-1 * locus: 54 is a map of the 
int'l' allele containing a neo' insertion in exon 2. Beneath each gene are 
shown the positions of diagnostic restriction endonudease Cleavage sites, 
and the length of the digestion products. Positions of the probes are indicated 
above the maps. Probe A {DNA sequence not present in the targeting vector) 
is a 1-kb fl^/il-H/V7c/lll fragment 3' of the int-1 gene (gift of R. Nusse); Probe 
B is a 2-kb Cfa\-BamH\ fragment within the int-l gene. B. Bgn\; S, Saci; X, 
Xhol When DNA from cell line 54 Is hybridized with prot>e B, which consists 
of sequences from within the vector pINT-l-N/TK. an unexpected fragment 
4.3 kb in length is seen. This fragment represents additional copies of the 
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vector sequences that have integrated in a tar^tem array 5' to those 
sequences depk;ted. Such a configuratk)n is most likely the result of the 
head-to-tail ooncatamerizatlon of the vector before its recombination with 
the target locus. The 4.34cb fragment extends from the Xhol site in exon 
2 to a BgfW site in the targeting vector and Is predicted from the map of 
the vector. Digestions of DNA from cell-line 54 with six additk>nal restnctton 
endonucleases and hyt>ridization with neo' probes verify this configuration. 
The above analysis also showed that DNA sequences both 5' and 3' to the 
int'l locus were not altered, demonstrating that the targeted mutation was 
limited to the int-1 gene. 
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FIG. 2 Transmission of the lnt-±~ genotype, b. Cell lines and founding 
animals. ES cell line 54 was microinjected into 4.5 day C57BI/6 preimpianta- 
tion embryos, surgtcaily transferred into the uterus of pseudopregnant mice 
and allowed to come to term. Two resulting male chimaeras were test bred 
with C57BI/6 females for transmission of agouti offspring. One of these 
males proved to be a germ-line chlmaera. DNA was extracted from cell lines 
(ES and 54) or from tail t>iopsies, digested with Xho\ and B&W, and analysed 
with probe B as described in the legend to Fig. 1. ES. the parental cell line 
CC1.2; 54, the int-l ^tint-l' cell line carrying the targeted mutation in /nH. 
Chlmaera designates the founding chlmaeric male; A/a and A/a are his 
agouti offspring produced followir\g mating with a C57BI/6 female, t. Trans- 
mission to embryos. Heterozygous offspring from A/a and A/a shown in a 
were mated. Following 17.5 days gestation, the embryos were removed 
from the mother. DNA was extracted from the yolk sac surroundirig each 
individual embryo and analysed by Southern transfer as described in Fig. 1. 
The genotype at /m-i Is indicated above each lane: +, wild type; neo' 
insertion in exon 2. 



and dissected. DNA analyses of nine embryos from one 
pregnancy is illustrated in Fig. 26 and all three expected 
genotypes were clearly present. The results of visual analyses 
of the fetal brains are summarized in Table l(fc). After 11.5 days 
of gestation, morphological differences between heterozygous 
and homozygous int-l' mice were not readily apparent. But by 
14.5 days, malformations in the mesencephalon and meten- 
cephalon were apparent. At 17.S days, this malformation was 
translated into mild midbrain hydrocephaly. This malformation 
was 100% concordant with the homozygous iiti-i~ genotype: 
6/6 embryos of inul ~lini-l ~ genotype exhibited this phenotype, 
whereas 20/20 ini-l lini-l^ and inul^ I xnul~ embryos showed 
normal brain development. Figure 3a and h compares dorsal 
views of brains from int-l'/int-l'*' and int-l~/int'J~ embryos 
at 17.5 days of gestation. It is apparent from macroscopic 
examination alone, that the mesencephalon and roetencephalon 
are highly defective. This is corroborated by examination of 
sagittal and parasagittal sections of the same brains (Fig. 3c; 
d). In the int-l' homozygote, the cerebellum and a large portion 
of the mesencephalon, as indicated by the arrows, are not visible. 
As a reference point, note that the posterior choroid plexus 
(pep) is present in both brains. The embryos used for the above 
analysis, from the same mating, showed normal embryonic leg 
and head movement and touch response. The telencephalon as 
judged from examination of both parasagittal and coronal sec< 
tions, appeared to be normal. However, in the int-l ~ homozy- 
gous mouse, the frontal lobes of the brain do seem to extend 
more caudally relative to the heterozygous mate, perhaps a result 
of expansion into regions normally occupied by the missing 
parts of the midbrain. 
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The int'l~l int'l~ mouse that survived until adulthood 
exhibited hydrocephally in the caudal region of the cerebral 
hemispheres as well as in the midbrain. Examination of sagittal 
and parasagittal sections of this int-]~/ int-l " brain corroborated 
the presence of the hydrocephally but also unexpectedly showed 
that the posterior portion of the cerebellum was present (Fig. 
3e, /). In this context, it is interesting that Wilkinson et al.^ did 
not observe int-l messenger RNA in the 10.5-day rostral hind- 
brain. Furthermore, LeDouarin and co-workers have recently 
provided evidence that in the chick, the anterior portion of the 
cerebellum may be derived from the mesencephalon, whereas 
the posterior portion comes from the metencephalon^\ If this 
is also true for the mouse, then the phenotypic influence of the 
int-l mutation in this mouse may have respected the mesen- 
cephalon- metencephalon boundary. 

In summary, heterozygous int-l'' mice seem normal. A promi- 
nent eflect of disrupting both inM alleles is a major defect in 
the development of the midbrain and cerebellum. In fact, it 
seems that int-l protein is required in the induction of a large 
portion of the mesencephalon and of the cerebellum as in its 
absence these structures are not formed normally. Further, the 
int-l homozygote that survived to adulthood displayed the 
classical, although a more extreme, form of symptomatology 
attributed to human and mouse cerebellar defects (that is, severe 
ataxia). 




FKj. 3 Comparison of brains from heterozygous and homozygous, int-l' 
mice, a, and ft 17.5 day embryos were fixed in Bouin's reagent (Sigma). The 
yolk sacs were removed for DNA analysis as described in Table 1. Following 
two days in fixative, the brains were dissected, rinsed in PBS and photo- 
graphed at x6 magnification. The field of view is 5 x 10 mm. Arrows indicate 
the cerebellar region absent in the homozygote. c and d. The brains shown 
in a and b were embedded in paraffin, sectioned (10 p,m), and stained by 
haematoxylin and eosin (H and E) regressive staining. The field of view is 
6x4 mm. Arrows indicate mesencephalic tissue absent in the homozygote. 
e and ^ Brains were dissected from adult (5 week) mice, fixed in P1_P, 
embedded in paraffin, sectioned (8 jtm) stained with H and E. The field of 
view is 6x4 mm. tc. telencephalon; msc. mesencephalon; mtc, meten- 
cephaton; pep. posterior choroid plexus. 
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In the 17.5-day embryo, cellular structures corresponding to 
the cerebellum are not observed. But in the mouse that survived 
to adulthood, the posterior portion of the cerebellum was pres- 
ent. An intriguing hypothesis to explain this difference is that 
the dependency on the inductive influence of int-I exhibits a 
rostraUcaudal gradient beginning in the mesencephalon and 
spreading to the metencephalon. This could produce differences 
in the penetrance of the int-1' mutation such that some mice 
lack only the anterior portion of the cerebellum, whereas others 
are missing the entire cerebellum. 



The int-J gene is expressed during the ontogeny of the 
CNS along the dorsal midline of the developing neural tube 
from the midbrain to the tail^. From analysis of sagittal 
and transverse sections, in either embryos or in the 
survivor, we have not observed morphological defects in the 
spinal cord. This may indicate that either int-l expression in 
this region of the developing CNS is spurious or that an- 
other gene, perhaps another member of the inhl family, 
can substitute for int-1 function in the development of the spinal 
cord. □ 
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Vertebrate limb formadon Is an evolotionarily conserved pro- 
cess programmed by an array of morphogenetlc genes'"^. As a 
result of transgene insertion, we previously Identified a mutation 
at tbe mouse limb defonnlty {Id) locus that disrupts embryonic 
pattern formation^ resulting io a redactioa and fusion of the distal 
bones and digits of all limbs as well as variable incidence of renal 
aplasia^^ We have now characterized the Id locus at the 
molecular level. It contains evolutionarily conserved coding sequen- 
ces that are transcribed in adult and embryonic tissues as a conipiex 
group of low abundance messenger RNAs created by alternative 
splicing and differential polyadenylatlon. The association of these 
transcripts with the gene responsible for the mutant phenotype 
was established by demonstrating that they are disrupted In two 
independently arising Id alleles^ We have now deduced the struc- 
ture of several novel proteins (termed formins) from the long open 
reading frames encoded by the various Id transcripts. The observa- 
tion of these different RNA transcripts in different tissues suggests 
that the formins play a part in the formation of several organ 
systems. 

A map of both the mutant and wild-type loci is shown in Fig. 
la. Insertion of the transgene into the (Id) locus was accom- 
panied by deletion of about 1.5 kilobases (kb) of endogenous 
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genomic DNA^. No other rearrangements were observed. We 
first identified potential exons along the genomic DNA by 
searching for evolutionarily conserved regions. Two of these 
appeared as likely coding exons because, when sequenced, they 
revealed short open reading frames flanked by splice acceptor- 
donor sequences (A and B in Fig. la). Cross-hybridizing regions 
were cloned from human and chicken genomic libraries and 
examined for sequence homology. The nucleotide sequences of 
regions A and B are 80-90% conserved between humans and 
mice. For example, the extent of sequence conservation of one 
putative exon (Fig. la, region B) is shown by comparing the 
homology regions of the mouse, human and chicken genomes 
(Fig. lb). 

Complementiary DNA libraries prepared from RNA isolated 
from adult kidney and testis (two organs in which transcripts 
were most abundant) yielded overlapping cDNA clones that 
were identified using a genomic DNA probe containing the 
evolutionarily conserved exon B (shown in Fig. la, b). Sequence 
analysis of these cDNAs, illustrated by ten representative cDNA 
clones (Fig. 2), demonstrates a complex pattern of mRNA 
synthesis (see also Fig. 3). These cDNAs reveal differentia] use 
of polyA addition sites separated by several kilobases as well 
as alternative splicing of internal (see clones 2, 3, 4, S, 7 and 9, 
Fig. 2) and 5' exons (see clone 1« Fig. }). Long, but variably 
composed open reading frames (ORFs) (see below) were 
deduced from nucleotide sequence analysis. 

The complexity of the RNA products of the Id locus is 
reflected by the various transcripts observed in analyses of RNA 
from both embryonic and adult tissues (Fig. 3). A transcript 
important in morphogenesis of limb and kidney should be 
present before or at the time of the morphological observation 
of the mutant phenotype. Expression of the Id gene as assayed 
by RNase protection occurs in primitive-streak embryos (ges- 
tational day seven) before limb development^ To examine the 
panern of RNA transcripts in the embryo, RNA was isolated 
from gestational day 9-12 embryos and analysed as shown in 
Fig. 3a. Three main classes of mRNAs (--13, 7 and 3 kb) are 
detected in all parts of the embyro (Fig. 3a) including the limb 
buds. The size differences observed between these transcripts 
result from differential utilization of the three sets of poly(A) 
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